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ABSTRACT 

A model des ign  by  means o f   s i m i l i t u d e ,   o r   d i m e n s i o n a l   a n a l y s i s ,  was 

made fo r   t he   s imu la t ion   o f  a space   capsu le   l and ing  on s o i l s .  In o r d e r   t o  

examine t h e   v a l i d i t y   o f   t h e  model des ign   fo r   s ands ,  a series of  cone model 

tes ts  was c a r r i e d   o u t  on Ottawa  Sand  and  Colorado  River  Sand. The weights   of  

cone  models were 4 3 . 0  and  129.5  pounds. The impact   veloci ty   of   models  was i n  

t h e   r e l a t i v e l y  low range  of  10 t o  23 fps .  The v a l i d i t y  was checked  by exam- 

in ing   the   agreement   o f   the   measured   var iab les  from  one  of  the  models  with  the 

p r e d i c t i o n   o f   v a r i a b l e s   f r o m   t h e   o t h e r  model.  The r e s u l t s   w e r e   s a t i s f a c t o r y .  

A model design  law i s  d iscussed   €or   c layey   so i l s   impacted   wi th  

p r o j e c t i l e s   c o n s i s t i n g   o f  a c i r c u l a r   p l a t e ,  a wedge,  and a sphere .  The 

a p p l i c a t i o n   o f   t h i s  model des ign  law t o   v e r t i c a l   i m p a c t  tests of a c i r c u l a r  

p l a t e ,  a cone  and a sphere  on a c l a y  was examined. 
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CHAPTER I 

INTRODUCTION 

1.1 GENERAL 

The sys t em  o f   space   capsu le s   impac t ing   ea r th   cons t i t u t e s   one   r eg ion  

i n  a l a r g e   s e r i e s  of p r o j e c t i l e - t a r g e t   s y s t e m s .  The fundamenta l   in te rac t ion  

mechanism  between  the p r o j e c t i l e  and t h e   s o i l   t a r g e t  i s  dependent  on  the 

i n i t i a l  and  boundary  condi t ions.   For   instance,   the  phenomenon ranges  from 

h y p e r - v e l o c i t y   i m p a c t   w h i c h   r e s u l t s   i n   t h e r m a l   e f f e c t s   a n d  crater formation 

i n   s o i l   t o  low ve loc i ty   impac t  which r e s u l t s   i n   e l a s t i c   d i s p l a c e m e n t   o f   s o i l .  

A l so , the  mechanism i s  a f f e c t e d   g r e a t l y  by the  geometr ic   shape  of   the  projec-  

t i l e .  T h e s e   f a c t s   s u g g e s t   t h a t  i t  is  e x t r e m e l y   d i f f i c u l t ,   i f   n o t   i m p o s s i b l e ,  

t o   s e t  up one   gene ra l   ru l e   app l i cab le   t o   eve ry  phenomenon. It  i s  a more prac-  

t i c a l   a p p r o a c h   t o  limit the  problem  within  the  range  of  immediate  at tention. 

In   an   a t tempt   to   deve lop   proper   p red ic t ion   methods   for   the   behavior  

of   space   capsules   impact ing   on   so i l ,  a s e r i e s   o f  model tes t s   have   been  

c a r r i e d   o u t   a t  The Universi ty   of   Texas.  

Reese e t   a l l 6   c a r r i e d   o u t   v e r t i c a l   d r o p   t e s t s   o f   s p h e r i c a l  models 

o n   p a r t i a l l y   s a t u r a t e d   s a n d y   c l a y .   I n   t h i s   s t u d y ,   t h e   g e n e r a l   b e h a v i o r   o f  

p r o j e c t i l e s   i m p a c t i n g  soils was b r o u g h t   t o   l i g h t .  A s  a p r e d i c t i o n  means, 

t h e   a p p l i c a t i o n   o f   s i m i l i t u d e   t o   m o d e l i n g  was t r i e d .  A se t  of   experimental  

equat ions  expressing  the  modulus  of   soi l   and  the maximum- f o r c e  was d e r i v e d   t o  

p r e d i c t   t h e   p r o t o t y p e   b e h a v i o r .  

Poor15 i n v e s t i g a t e d   t h e  dynamic  response  of p l a t e s ,  spheres ,   and 

cones   dur ing   ver t ica l   impact   on  a sandy  c lay.   Poor   der ived  empir ical   formulas  

of   the   modulus   o f   deformat ion   of   so i l   f rom  force-deformat ion   re la t ionships .  

Using t h i s  modulus  of  deformation,  the  behavior o f  a p ro to type  was p red ic t ed  

by e x t r a p o l a t i o n .  



Reichmuth”  s tudied  incl ined  impact  of wedges,   cyl inders   and  spheres  

on  sands  and  c lay.   Reichmuth  proposed  three’methods  for   predict ing  impact  

response.  The f i r s t  method  uses a s c a l e d  model f o r   t h e   d i r e c t  measurement  of 

a c c e l e r a t i o n .  The second  method  employs  empir ical   predict ions  consis t ing  of  

p e r t i n e n t   p r i m a r y   v a r i a b l e s .  The t h i r d  method i s  based  on a three-phase 

ear th-mater ia ls   diagram  for   the  immediate   determinat ion  of   dynamic  response.  

Ob jec t ives  

The p r e s e n t   s t u d y   e n d e a v o r s   t o   e s t a b l i s h ,  by means of   the   theory   o f  

s i m i l i t u d e ,   o r   d i m e n s i o n a l   a n a l y s i s ,  a model law fo r   impac t   o f   r i g id   bod ie s  

impact ing  on  sands  and  c lay.  The  model designed by t h i s  l a w  s h o u l d   p r e d i c t  

t he   p ro to type   behav io r   w i th   pe rmis s ib l e   e r ro r .  The v a l i d i t y   o f   t h e  model  law 

fo r   s and  is  checked  by  using a two-models  system i n  which  one  model i s  regarded 

as the   p ro to type  of t h e   o t h e r  model. It i s  a l s o  a main  purpose  of   this   s tudy 

t o   e x p l o r e   d i f f i c u l t i e s   i n   t h e   m o d e l i n g   o f   s o i l s .  The s tudy  was a l so   ex tended  

t o   c l a y .  The f e a s i b i l i t y   o f   m o d e l i n g  by s i m i l i t u d e  was checked  by  making  use 

of  model tes ts .  

Scope  of  Study 

The s c o p e   o f   t h i s   s t u d y  is  l i m i t e d   t o   v e r t i c a l   i m p a c t   o f   r i g i d   p r o -  

j e c t i l e s  on t y p i c a l   s o i l s .  The  impact r e s u l t s   i n   p e n e t r a t i o n   o f   t h e   p r o j e c -  

t i l e  i n t o   t h e   s o i l .  The penetrat ion,   however ,  is not so g r e a t  as to bury 

t h e   p r o j e c t i l e s .  The ver t ical   impact   tes ts   of   cones,   which  were  used  to   check 

t h e   v a l i d i t y   o f  model  law fo r   s and ,   were   ca r r i ed   ou t   fo r   d ry -dense ,   d ry - loose  

and   s a tu ra t ed -dense   s t a t e s   o f   O t t awa  Sand  and  Colorado  River  Sand. The impact 

ve loc i ty   o f   t h i s   t e s t   r anged   f rom  10   t o  23 fps .  
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- 1.2 SOILS AS TARGET MATERIAL 

Phenomenology 

It i s  impor t an t   t o   emphas ize   t he   need   fo r   an   accu ra t e   de f in i t i on  of  

t he   phys i ca l   sys t em  in   o rde r   t o   deve lop  a co r rec t   d imens iona l   ana lys i s .  The 

modeling of s o i l s   f o r   p r o b l e m s   i n   s o i l  dynamics is  c h a l l e n g i n g   b e c a u s e   s o i l s  

i n   n a t u r e   h a v e   l a r g e   d i f f e r e n c e s   i n   p h y s i c a l  and  chemical   propert ies .  More- 

ove r ,  it i s  d i f f i c u l t   t o   d e t e r m i n e   f o r   e a c h   s o i l  which   phys ica l   p roper t ies  

a r e   s i g n i f i c a n t   i n   s o i l  dynamics. A t  one  range of impac t   ve loc i t i e s   one   g roup  

o f   s o i l   p r o p e r t i e s  may b e   s i g n i f i c a n t   w h e r e a s   a t  a d i f f e r e n t   r a n g e   i n   i m p a c t  

v e l o c i t i e s   a n o t h e r   g r o u p   o f   s o i l   p r o p e r t i e s  may become s i g n i f i c a n t .  

The v a r i e t i e s   o f   s o i l s  which a r e  found  on   the   ear th ' s   sur face  may 

range  between  those  which  resemble a s o l i d   r o c k   t o   t h o s e  which  resemble a 

v i s c o u s   f l u i d .  The r e a l   s o i l  i s  n e i t h e r  homogenous n o r   i s o t r o p i c .   I n   o r d e r  

t o  make a t h e o r e t i c a l   t r e a t m e n t   o f   t h i s   m a t e r i a l ,  some i d e a l i z a t i o n  and 

g e n e r a l i z a t i o n   a r e   d e s i r a b l e .  

A s o i l  may be  regarded  as  a ma te r i a l   o f   t h ree   phases :   so l id ,   a i r   and  

water .  The s t r e n g t h  and  modulus  of  deformation of s o i l  depend  on: 

1. t y p e ,   s h a p e ,   a n d   d i s t r i b u t i o n   o f   t h e   s o l i d   p a r t i c l e s ,  

2 .  s t r u c t u r a l   a r r a n g e m e n t   o f   t h e   s o l i d   p a r t i c l e s ,  

3 .  c h e m i c a l   p r o p e r t i e s   o f   t h e   s o l i d   p a r t i c l e s ,  

4 .  a i r   a n d   w a t e r   c o n t e n t ,  

5. mass d e n s i t y ,  

6. o r i g i n a l   c o n f i n i n g   p r e s s u r e ,  

7 .  l o a d i n g   r a t e ,  

8. stresses caused by the  loading  e lement ,   and 

9.  s i z e  of loading  e lement .  
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T h e   s y s t e m   o f   p r o j e c t i l e   a n d   s o i l   t a r g e t   c a n   b e   c l a s s i f i e d   i n t o  

three  groups : 

A. Non-Pene t r a t ing   P ro   i ec t i l e  

The p r o j e c t i l e   d o e s   n o t   p e n e t r a t e   t h e   s u r f a c e .  It may rebound  from 

t h e   s u r f a c e   o r   c r a s h .  The impact  of a r e l a t i v e l y   s o f t   p r o j e c t i l e  on s o l i d  

rocks may co r re spond   t o   t h i s   ca se .   Th i s   g roup  i s  not  examined i n   t h i s   s t u d y .  

B.  P e n e t r a t i n g   P r o j e c t i l e  

I f   t h e   p r o j e c t i l e  i s  r i g i d  compared w i t h   t h e   s o i l   s t r e n g t h ,   t h e n  i t  

w i l l  p e n e t r a t e   t h e   s o i l  by shea r ing ,   pu lve r i z ing   and   compress ing   t he   so i l .  

A c e r t a i n  amount of   the   energy   of  a p r o j e c t i l e  w i l l  b e   l o s t   t o   g e n e r a t i o n   o f  

h e a t ,   g e n e r a t i o n  o f  sound  waves,  and  the  generation  of two r a d i a l  and two 

s u r f a c e  waves i n   t h e   s o i l  body. 

One o f   t h e   b o d y   w a v e s   t h a t   o s c i l l a t e s   i n   t h e   r a d i a l   d i r e c t i o n  i s  the  

compressive wave and   t he   o the r  i s  the   shea r  wave. One of  t h e  two s u r f a c e  

waves i s  the  Love wave o r   t h e   s u r f a c e   s h e a r  wave, i n  wh ich   t he   pa r t i c l e s  o f  

s o i l  move i n  a p a t h   p a r a l l e l   t o   t h e   s u r f a c e   o f   t h e   e a r t h   a n d   a t   r i g h t   a n g l e s  

t o   t h e   d i r e c t i o n   o f   p r o p o g a t i o n .  The  second  surface wave i s  the  Rayleigh 

wave wh ich   causes   t he   r i pp le  movement o f   t h e   e a r t h   s u r f a c e  by i t s  e l i p t i c a l  

movement wi th  i t s  l o n g   a x i s   p e r p e n d i c u l a r   t o   t h e   e a r t h   s u r f a c e .  

The cub ica l   compress ib i l i t y   o f   wa te r  i s  3 . 4  x 10 sq. i n .   pe r   l b .  -6 

The c o m p r e s s i b i l i t y  o f  s o i l   g r a i n s  i s  o f   t he   o rde r  1 x t o  2 x  10- sq. 

i n ,   p e r   l b .  Both  water  and s o i l   g r a i n s  may be  regarded  as   incompressible .  

7 

The s o i l   s t r u c t u r e   o f   d r y  and h a l f - s a t u r a t e d   s o i l  i s  compressible .   Saturated 

- s o i l s   a r e   e s s e n t i a l l y   i n c o m p r e s s i b l e   d u r i n g   r a p i d   l o a d i n g ,   s i n c e   t h e   w a t e r  

does  not   have  enough  t ime  to   drain  out .   Pulver izat ion i s  expected  to   occur  

d u r i n g   p r o j e c t i l e   e n t r y   i n t o   s o i l s  composed o f   l a r g e   p a r t i c l e s   s u c h   a s   g r a v e l ,  
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s i z e   r a n g e  200 t o  2 mm and   sand ,   s ize   range  2 t o  0.06 mm. The p a r t i c l e   s i z e  

o f  s i l t  ranges  from 0.06 mm t o  0.002 mm a n d   c l a y   p a r t i c l e   s i z e s   a r e  smaller 

than  0.002 mm. It may be   assumed  tha t   there  is  no p u l v e r i z a t i o n   i n  s i l t  and 

c lay .  

The shock  of  impact i n  sand may c a u s e   d i l a t a n c y .   I f  i t s  d e n s i t y  i s  

g r e a t e r   t h a n   t h e   c r i t i c a l   d e n s i t y ,  i t s  volume inc reases  upon impact,   and, i f  

i t s  d e n s i t y  i s  smaller t h a n   t h e   c r i t i c a l   d e n s i t y ,   t h e n  i t s  volume  decreases. 

C r i t i c a l   d e n s i t y  i s  de f ined  as a t r a n s i t i o n a l   d e n s i t y   a t  which  there is  no 

volume  change  of  sand  during  shear. It is  a l s o  assumed t h a t  waves generated 

by the   impact  w i l l  c h a n g e   t h e   s o i l   s t r u c t u r e ,   e s p e c i a l l y   o f   l o o s e   u n s a t u r a t e d  

sand. 

It may be  assumed t h a t   t h e   p e n e t r a t i o n  mechanism is mainly  dependent 

on t h e   s h e a r   s t r e n g t h   o f   s o i l s .  The s h e a r   s t r e n g t h   o f   s o i l  i s  g r e a t l y  

inf luenced  by  water   content   and  soi ls   found  in   nature   have,   a lmost   without  

except ion ,  some w a t e r .   T h e r e f o r e ,   t h e   s t u d y   o f   s a t u r a t e d   s o i l s ,   a s   t h e  

ex t reme  case   o f   water   conten t ,  i s  as   impor t an t   a s   t he   s tudy   o f   d ry   so i l s .  

C .  Impact i n  Water 

Impact   in   water  i s  another  boundary l i m i t  o f  t h e   p r o j e c t i l e - s o i l  

t a r g e t  problem. It i s  a s soc ia t ed   w i th   such   so i l s  as  newly  formed  and h igh ly  

s a t u r a t e d   a l l u v i a l   s o i l s .  Upon impact a p r o j e c t i l e  i s  s u b j e c t e d   t o   t h e  

combined e f f ec t s   o f   compress ion  wave forces   due   to   the   i acompress ib i l i ty   and  

t h e   v i s c o s i t y   o f   t h e  water. The  compression wave i s  a funct ion  of  mass 

d e n s i t y   o f   w a t e r .  A p r o j e c t i l e  i s  f i r s t  met w i th   dece le ra t ion   a f t e r   impac t  

u n t i l   t h e   p r o j e c t i l e   r e a c h e s   t h e   c o n s t a n t   t e r m i n a l   v e l o c i t y .  The  most  impor- 

t a n t   i n d e x e s   o f   t h i s   c a s e   a r e   t h e   R e y n o l d s  number and the   Froude  number. 
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1.3 MODEL DESIGN LAW 

1.3.1  General  

The ' theory  of   s imil i tude,   on  which  model   design  and  analysis  are 

based, i s  developed  by  dimensional   analysis .   Dimensional   analysis  i s  t h e  

s c i e n c e   o f   c h a r a c t e r i s t i c   g e n e r a l i z e d   v a r i a b l e s   t h a t  are i n v o l v e d   i n  a 

phys ica l  phenomenon  and is  t h e  method  of   der iving  and  applying  these  var-  

i a b l e s  by  means o f   d i m e n s i o n a l   r e l a t i o n s h i p s   e x i s t i n g  among t h e   p e r t i n e n t  

v a r i a b l e s .  

Accord ing   to  Murphy" d imens iona l   ana lys i s  i s  based   on   t he   fo l lowing  

two axioms : 

Axiom 1. Abso lu te   numer i ca l   equa l i ty   o f   quan t i t i e s  may e x i s t   o n l y  

when t h e   q u a n t i t i e s   a r e   s i m i l a r   q u a l i t a t i v e l y .  

Axiom 2 .  The r a t io   o f   t he   magn i tudes   o f  two l i k e   q u a n t i t i e s  i s  

independen t   o f   t he   un i t s   u sed   i n   t he i r   measu remen t s ,   p ro -  

v i d e d   t h a t   t h e  same un i t s   a r e   u sed   fo r   eva lua t ing   each .  

The t h e o r e t i c a l   s i g n i f i c a n c e   o f  model des ign   based   on   t he   s imi l i t ude  

i s  given  by Gukhman' a s   fo l lows .   Le t  u s  c o n s i d e r   t h e   s o l u t i o n   o f   a n   e q u a t i o n  

where F denotes  a func t ion   o f   any   a rb i t r a ry   t ype ,   and  x l ,  +, . . . , x are 

the   i ndependen t   va r i ab le s ,  unknown v a r i a b l e s  and   pa rame te r s   t ha t   desc r ibe   t he  

problem. 

n 

Now l e t  us c a r r y   o u t  similar t r a n s f o r m a t i o n   o f   a l l   t h e   q u a n t i t i e s  by 

mult iplying  each  one  of  them w i t h   d i f f e r e n t   c o n s t a n t s  . I f  t he   equa t ion  

i s  to  remain  unchanged, 

ki 
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S i n c e   t h e   c o n s t a n t s  ki are independen t   o f   quan t i t i e s  x i' the   necessary  

c o n d i t i o n   f o r   s a t i s f y i n g   b o t h  Eqs 1.1 and 1 . 2  i s ,  

Equat ion 1.3 i n d i c a t e s   t h a t   t h e   f u n c t i o n  F p o s s e s s e s   t h e   s p e c i a l   p r o p e r t y  

t h a t  a similar t r ans fo rma t ion  of  t h e   i n d i v i d u a l   v a r i a b l e s   l e a d s   t o  a similar 

t ransformat ion  of t h e   f u n c t i o n  as a whole.  That is t o   s a y   t h e   f u n c t i o n  F 

i s  homogeneous. 

Then the  form  of   funct ion F i s  l i m i t e d   t o  a s p e c i a l  form. 

Denoting x ' = ki  xi, Eq 1.3 i s  e x p r e s s e d   i n  a contracted  form,  i 

where [ 3 deno tes   " a l l   o f   x i r f .  

D i f f e r e n t i a t i n g   t h e   a b o v e   e q u a t i o n   w i t h   r e s p e c t   t o   o n e   o f   t h e   k i ,  f o r  

example ,   wi th   respec t   to   k l ,  

However , 

Therefore ,  
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A l l  t h e s e   r e l a t i o n s h i p s  are v a l i d   f o r   a n y   v a l u e s   o f   t h e   f a c t o r s  ki. 

The previous  equat ion  then  assumes the form, 

But 

where  al  i s  some c o n s t a n t .   S u b s t i t u t i n g   t h i s   v a l u e   i n   t h e   p r e v i o u s  

equa t ion ,  

X "  
a F  

1 a x1 - a l  F 

o r  

Here C1 is  a quantity  which  depends  on a l l   t h e   r e m a i n i n g   v a r i a b l e s   e x c e p t  

x1 * 

By r e p e a t i n g   t h i s   t r e a t m e n t   f o r   a l l   t h e   v a r i a b l e s   i n   t u r n ,  w e  f i n a l l y  

f i n d  

a 
F = C1 XI x2 a1 a2 .... 

- n . x  n y  

where C i s  a c o n s t a n t .  

Thus t h e   f u n c t i o n  F has   t o   be   r ep resen ted  by  a power  group,  which 

is a too s t r i n g e n t   l i m i t a t i o n   t o   u s e   f o r   a n y   a n a l y t i c a l  work. 
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The i n t r o d u c t i o n   o f  power groups as t h e  new v a r i a b l e s ,  however,  enables 

t h e   s i m i l a r   t r a n s f o r m a t i o n   w i t h o u t  any r e s t r i c t i o n s   t o   t h e   s t r u c t u r e   o f   t h e  

func t ion  F. 

Equat ion  1 .3  i s  u n c o n d i t i o n a l l y   s a t i s f i e d ,   i f   k l  = k, = . . . = kn = 1. 

This  i s  a q u i t e   t r i v i a l   c a s e ,   s i n c e  i t  m e r e l y   s i g n i f i e s  two i d e n t i c a l  phenom- 

ena .   Neve r the l e s s   t h i s   cond i t ion   p l ays   an   impor t an t   ro l e   fo r   t he  new v a r i a b l e s .  

L e t  us  form new v a r i a b l e s  P a s  a homogeneous f u n c t i o n   o f   v a r i a b l e s  
j 

X i’ 

Carry ing   ou t  a s i m i l a r   t r a n s f o r m a t i o n   o f   t h e   v a r i a b l e s  X the  new t rans-  

f o r m a t i o n   f a c t o r s   f o r   t h e   v a r i a b l e s  P K i s  cons t ruc t ed ,  

i’ 

j’ j 

al k, a2 
a a 

P.   (ki   xi)  = C (k1 
J 

. .. kn n, xlal  ... x n 

a 
K = kIa1  k2a2 . . . kn , n 
j 

where K a r e   a l s o  any a r b i t r a r y   c o n s t a n t s .  
j 
Using  each  of  the power g roups   con ta ined   i n   t he   func t ion ,  Eq 1.1 is 

r e w r i t t e n ,  

F (x11  x2, ... , Xn) = Po @ (P I ,  p,, -.. , Pr)Y (1 .8)  

where Po is t h e  common p a r t  of P N a t u r a l l y ,   i n   t h e   g e n e r a l   c a s e   t h e  

number o f  r is  l e s s   t h a n  n. The n o n t r i v i a l   s o l u t i o n  o f  F (xi) = 0 i s  

r educed   t o   t he   so lu t ion   o f  

j’ 
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The  necessary   and   suf f ic ien t   condi t ion  o f  i n v a r i a n t   e q u a t i o n ,  K = 1, i s  no 

more t r i v i a l .  

j 

The dimensional  way of d e r i v i n g   t h e  power terms ou t  of primary 

v a r i a b l e s  is  none   o ther   than   the  Buckingham TI Theorem. 

1 .3 .2  Buckingham TT Theorem 

Buckingham TI Theorem i s  summarized  by t h e   s t a t e m e n t   t h a t   t h e  number 

o f   d imens ion le s s   p roduc t s   i n  a complete se t  i s  e q u a l   t o   t h e   t o t a l  number of 

v a r i a b l e s  minus t h e  number of   fundamental   d imensions  in   the  problem,  or   as  

i t  was p u t  more r i g o r o u s l y  by  Langhaar’’, t h e  number of  dimensionless  pro- 

d u c t s   i n  a complete set  i s  e q u a l   t o   t h e   t o t a l  number of v a r i a b l e s  minus t h e  

maximum number of  t h e s e   v a r i a b l e s   t h a t  w i l l  not  form a dimensionless   product .  

That i s ,  if a phenomenon invo lv ing  n p h y s i c a l   q u a n t i t i e s  , x l ,  xz,  . . . , x n’ 

i s  expressed  by  an  equat ion,  

F (XI,  x Z ,  ..., X )  = O n 

and the  number o f   f u n d a m e n t a l   q u a n t i t i e s   c o n s t i t u t i n g   t h e s e  n 

m ,  then  the  above  equat ion is t ransformed  to ,  

(1 

va r i ab  

. l o )  

les i s  

(1.11) 

where nl, n2, . . . , 17 a re   t he   i ndependen t   d imens ion le s s   p roduc t s  con- 

s i s t i n g  of l e s s   t h a n  m + 1 v a r i a b l e s   o u t   o f  n. TT terms a r e   g e n e r a l l y  

expres sed   a s  , 

n- m 

. . .  
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. . .  

Other  n terms may be   ob ta ined  by combining  the  above Ti terms. 

S o l v i n g   t h e   l a s t   e q u a t i o n   f o r   t h e  Ti terms y i e l d s  

S i n c e   t h e s e  are t h e   g e n e r a l   r e l a t i o n s h i p s   a p p l i c a b l e   t o  an a r r a y   o f  

combina t ions   for  a phenomenon, t hese   a r e   app l i ed   t o   bo th   t he   p ro to type   and  

i t s  model: 

n =Ti 
l p  lm 

n = n  
2P Pm 

. . . .  
n = n  (n  - m)p (n - m)m 

1 (1.13) 

where s u f f i x  p r e f e r s   t o   p r o t o t y p e  and m t o  model.  .These  equations  are 

u s e d   b o t h   f o r   s p e c i f y i n g   t h e   d e s i g n   c o n d i t i o n s   a n d  tes t  methods  of  models  and 

f o r   p r e d i c t i n g   t h e   b e h a v i o r   o f   p r o t o t y p e s .  

- 1.3.3 C a l c u l a t i o n  of  Ti Te rms  

Any d imens ionless   p roduct ,  Ti, of  n v a r i a b l e s ,  x has  the  form, i’ 
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where a, B y  y, . . . , v are exponents. 

Dimensionless  products are  reduced t o  t h e   s o l u t i o n  of t h e   l i n e a r  

a l g e b r a i c   e q u a t i o n s ,  

a a , + f ! B 1 + y y 1 + .  . . + v v , = o  

a C Y a + B B 2 + y y 2 + .  . . + v v , = o  

where m i s  t h e  number o f  fundamenta l   quant i t ies .   There   a re  m equa t ions  

each   conta in ing  n terms a t  most. 

The ma t r ix  o f  t h e   c o e f f i c i e n t s  is  

I f  t h e   r a n k   o f   t h i s   m a t r i x  i s  m y  t hen   t he   va lues  of n - m unknowns 

may b e   a s s i g n e d   a r b i t r a r i l y   a n d   t h e   o t h e r s  w i l l  be   un ique ly   de te rmined .  

Hence t h e r e  w i l l  be  n - m independent sets o f  s o l u t i o n s   t o  Eq 1.15.  Then 

these   de te rmine   the   p roducts  n1 , nz, % , . . . , IT If t h e   r a n k  o f  t h e  

m a t r i x  i s  m - 1, then   t he  number of   dimensionless   products  w i l l  b e  

n - m + l .  

n - m' 



CHAPTER I1 

MODEL DESIGN BY DYNAMIC SIMILITUDE 

2 . 1  GENERAL 

I n   o r d e r   t o   a c h i e v e   c o m p l e t e   s i m i l i t u d e ,   t h e  model must  be  construc-  

t e d   a n d   t e s t e d   i n   s u c h  a way a s   t o  comply wi th   t he   cond i t ions   o f  

a .  

b. 

C.  

d. 

Geomet r i c   s imi l a r i t y .   Cons tan t   r a t io   be tween   a l l   co r re spond ing  

l e n g t h s   i n  model  and pro to type .  

Mechan ica l   s imi l a r i t y .   P ropor t iona l i t y   o f   we igh t   and   dens i ty  

between  the two sys tems.  

Kinemat ic   s imi la r i ty .   Propor t iona l i ty   be tween  the  two systems 

i n  r e g a r d   t o   a l l   c o r r e s p o n d i n g   t i m e  and   t ime  in te rva ls .  

Dynamic s i m i l a r i t y .   P r o p o r t i o n a l i t y   o f   a l l   t h e   f o r c e s   i n   t h e  

system. 

C o n s i d e r i n g   t h e s e   r e s t r i c t i o n s ,  i t  i s  r e a s o n a b l e   t o   s t a r t   t h e   s t u d y  

with  the  s implest   system. A more  complex  and p h y s i c a l l y   r e a l i s t i c   s y s t e m   c a n  

be   i nves t iga t ed   w i th  a l i t t l e   m o d i f i c a t i o n   o n c e  a s a t i s f a c t o r y  model des ign  

method i s  developed  for  a r e l a t i v e l y  s i m p l e  system. 

For   t he   s ake   o f   s imp l i c i ty  and  avoiding  complex  factors,  a cone was 

s e l e c t e d   a s  a model of   an   impact ing  body  on s o i l   t a r g e t s .  A cone  has  the 

advantage o f  making a model of   any   length   sca le   ou t   o f   one   cone  s o  long   a s  

i t s  penet ra t ion   does   no t   exceed  i t s  he igh t .  The apex   angle  o f  the  cone was 

a r b i t r a r i l y   c h o s e n   a s  60 degrees .   This   acu te   angle  was found   ou t   l a t e r   t o  

c a u s e   d i f f i c u l t y   i n   g e t t i n g   e x a c t   v e r t i c a l   p e n e t r a t i o n .  The r a t i o   o f   w e i g h t  

o r  mass of two models was chosen  approximately 1 t o  3 .  It i s  d e s i r a b l e   t o  

g e t   a s   l a r g e  mass r a t i o   a s   p o s s i b l e   t o   g e t  a s i g n i f i c a n t   l e n g t h   s c a l e .  As i t  

i s  s t a t e d  l a te r ,  mass s c a l e  o f  3 corresponds   to   1 .44   length   sca le .  
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The  models were d ropped   ve r t i ca l ly , a l though   t he   ac tua l   impac t   o f   t he  

pro to type  may have up t o  20 o r  30 d e g r e e s   o f   t i l t i n g   o f   t h e   i n c i d e n c e   a n g l e  

from t h e   v e r t i c a l .  

The correlat ion  between  the  dynamic  behavior   of   so. i ls   subjected  to  

impact  of a p r o j e c t i l e  and t h e   c o n v e n t i o n a l l y   d e t e r m i n e d   s t a t i c   p r o p e r t i e s   o f  

s o i l s   h a s   n o t   y e t  come t o   l i g h t .   T h i s   l e a d s   t o   t h e   i m m e d i a t e   d i f f i c u l t y   o f  

s e l e c t i n g   t h e   p r o p e r   p r o p e r t i e s   o f   s o i l s  as tes t  cond i t ions .   Fo r   t h i s   r ea son  

i t  seems t o   b e   j u s t i f i a b l e   t o   u s e   t h e   i d e n t i c a l   s o i l   f o r   b o t h   t h e   p r o t o t y p e  

and t h e  model. 

The grea tes t   advantage   o f   us ing   sand  l i es  i n   t h e   r e l a t i v e   e a s i n e s s  

of   preparing  and  reproducing  the homogeneous  and c o n t r o l l e d  s ta te .  The 

necessary amount of  sand  can  be  carried  to  any  place  where i t  i s  most  conven- 

i e n t   t o  do t h e  tes ts .  F u r t h e r ,   a c c o r d i n g   t o  WhitmanZ3, t h e r e  i s  no e f f e c t   o f  

s t r a i n   r a t e  on t h e   a n g l e   o f   i n t e r n a l   f r i c t i o n   o f   s a n d .   T h i s   s u g g e s t s   t h e  

p o s s i b i l i t y   o f   a p p l i c a t i o n   o f   s t a t i c   s a n d   p r o p e r t i e s   t o  i t s  dynamic  behavior. 

For   these  reasons  sands were chosen as t a r g e t   m a t e r i a l .  

2 . 2  PERTINENT VARIABLES 

Choos ing   t he   co r rec t   and   su f f i c i en t  number o f   v a r i a b l e s  is the  most 

c r i t i c a l   p h a s e   o f   d i m e n s i o n a l   a n a l y s i s .   T h e r e   s h o u l d   b e   a s  few v a r i a b l e s   a s  

poss ib le   to   avoid   nonessent ia l   complexi ty ,   and   ye t   there   mus t   be   suf f ic ien t  

number o f   v a r i a b l e s   t o   r e p r e s e n t   t h e  phenomenon.  The i n f a l l i b l e   c h o i c e   o f  

va r i ab le s   depends   p r imar i ly  on t he   c l ea r   phys i ca l   concep t   o f   t he  phenomenon, 

which may b e   a t t a i n e d  by deep   i n s igh t   o r   expe r i ences .   Th i s  is  e s p e c i a l l y  

t r u e   i n   s o i l  dynamics,   where  the  properties of m a t e r i a l  i s  n o t   e a s y   t o   d e f i n e  

and  determine. 
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2.2.1 __ I n t e r a c t i o n  Mechanism  Between P r o j e c t i l e  and S o i l  

It i s  du ly  assumed t h a t   t h e  dynamic p e n e t r a t i o n   o f  a r i g i d  body i n t o  

s o i l   a l s o   f o l l o w s   t h e  movement p a t t e r n  similar t o   t h a t   o f   s t a t i c   p e n e t r a t i o n .  

The  mechanism o f   s t a t i c   p e n e t r a t i o n  is of ten   approximated  i n  s o i l  mechanics  by 

P r a n d t l ' s   t h e o r y .   P r a n d t l ' s   t h e o r y   c o n s i d e r s   p l a s t i c   e q u i l i b r i u m   i n   d e s c r i b -  

i n g   t h e   p e n e t r a t i o n   o f   h a r d   b o d i e s   i n t o   a n o t h e r   s o f t e r ,  homogeneous, a n i s o t r o p i c  

material. I n   h i s   a n a l y s i s   o f   t h e   p e n e t r a t i o n   p r o b l e m ,   P r a n d t l  assumed a 

s h a p e   o f   r u p t u r e   s u r f a c e   c o n s i s t e d   o f   a r c s   o f   l o g a r i t h m i c   s p i r a l s  and l i n e s  

t a n g e n t   t o   t h e   s p i r a l s .  The u l t i m a t e  s t a t i c  bea r ing   capac i ty   o f   t he   ha rd  

body i s  o b t a i n e d   i n   t e r m s   o f   t h e   a n g l e   o f   i n t e r n a l   f r i c t i o n   a n d   c b h e s i o n   o f  

t h e   s o f t e r  body  and t h e   s i z e   o r   w i d t h   o f   t h e   h a r d  body. 

Observat ion  of  model  impact tes t s   on   sands   sugges ts   the   occur rence  

of  a mechanism similar t o   P r a n d t l ' s  mechanism. A c i r cu la r   heav ing   o f   t he  

,sand  surface w a s  observed  extending a cone   d i ame te r   i n   t he   ho r i zon ta l  

d i r e c t i o n  a t  the   g round  leve l .   In   the   case   o f   d ry   sand ,   sp lash ing   of   sand  

was seen  which  on a s low  motion  movie  looked  s imilar   to   the  splashing  of  

water .  The dynamic p e n e t r a t i o n   b r i n g s   i n t o   p l a y   o t h e r   e f f e c t s   t h a n   t h e  

p l a s t i c   equ i l ib r ium  be tween   t he  s t a t i c  fo rces .  When the   impac t   ve loc i ty  i s  

low, the   p roblem  might   be   dea l t   wi th  by a m o d i f i c a t i o n   o f   s t a t i c   t h e o r y .  AS 

t h e   i m p a c t   v e l o c i t y  increases, t h e   e f f e c t   o f  mass o f   s o i l   w i t h i n   t h e  moving 

s o i l  wedge  becomes  more appa ren t ,   and   consequen t ly   t he   s t r a in - r a t e -e f f ec t   on  

s o i l   s t r e n g t h  may become g r e a t e r .  Even t h e   b a s i c   m a t e r i a l   p r o p e r t y   o f   s o i l  

s t r e n g t h  may change i t s  c h a r a c t e r   a t  s t i l l  h i g h e r   i m p a c t   v e l o c i t i e s .  For 

t h e  time being,  i t  i s  conven ien t   t o  treat  t h e  dynamic s o i l   s t r e n g t h   i n   t e r m s  

o f   s t a t i c   s o i l   s t r e n g t h .  The  dynamic s t r e n g t h   o f  a s o i l  is  then   dea l t   w i th  

by t h e   c o n c e p t   o f   s t r a i n - r a t e - e f f e c t .  



The s t r a i n - r a t e - e f f e c t   o n   t h e   s h e a r   s t r e n g t h   o f  a s o i l  must  be 

dependen t   on   t he   cons t i t u t ive   p rope r t i e s   o f   so i l   and   t he   boundary   cond i t ions  

of   the   sys tem.  The c o n s t i t u t i v e   p r o p e r t i e s   t h a t  a f f ec t  t h e   s h e a r   s t r e n g t h   o f  

a s o i l   i n c l u d e :   ( a )   p a r t i c l e   t y p e ,   s i z e   a n d   s h a p e ,   ( b )   g r a i n   s i z e   d i s t r i -  

b u t i o n  and  degree  of   cementat ion,   (c)   void  ra t io ,   (d)   mass   densi ty ,   (e)  

water c o n t e n t ,  and ( f )   d r a i n a g e   r a t e .   N o r m a l l y  a s o i l  bed i n   n a t u r e   a p p r o a c h e s  

a s e m i - i n f i n i t e  body wi th   ho r i zon ta l   su r f ace .  The sand  bed  used i n   t h i s  t e s t  

was bounded  by   th ree   hard   c lay   wal l s .  The t e s t  sand  bed  can  be  regarded as 

s e m i - i n f i n i t e   i f   t h e   e f f e c t   o f   p r o p o g a t i o n   o f   s h o c k  waves  on s o i l   s t r e n g t h  

i s  n o t   s i g n i f i c a n t .  The d i s t a n c e  from t h e   p o i n t   o f   i m p a c t   t o   t h e   n e a r e s t  

boundary was a t   l e a s t  more than  two times t h e  maximum p e n e t r a t i o n .  The 

e x t e n t   o f   a r e a  o f  heaving  of   sand  due  to   impact  was l i m i t e d   t o   a b o u t   a s  much 

a s   t he   pene t r a t ion   dep th   f rom  the   edge   o f   t he   cav i ty  formed  by t h e   p e n e t r a t i o n  

o f  a p r o j e c t i l e .  e 

The s u r f a c e   c o n d i t i o n  of  a model  must a l s o   a f f e c t   t h e  dynamic 

p e n e t r a t i o n   p r o c e s s  . The  magni tude  of   f r ic t ional   force  between  the  metal  

su r f ace   o f  a model  and t h e   s o i l  i s  o n e   o f   t h e   i n f l u e n t i a l   f a c t o r s  of  forming 

t h e   s h a p e   o f   s o i l  wedge  upon impact. 

19 

To  sum up,   the movement of  a model during  impact  i s  expressed by a 

genera l   equa t ion   of   mot ion  

where F i s  t h e   r e a c t i o n   o f   s o i l  bed  and func t ion   of   such   var ious   parameters  

a s   p e n e t r a t i o n   d e p t h   x ,  mass o f   p r o j e c t i l e  m ,  i m p a c t   v e l o c i t y   v ,   f a c t o r   o f  

geometric  shape 0 ,  f a c t o r   o f   f r i c t i o n   b e t w e e n   p r o j e c t i l e   a n d   s o i l  IJ., 

cohes ion   o f   so i l  c y  a n g l e   o f   i n t e r n a l   f r i c t i o n   o f   s o i l  @, mass d e n s i t y   o f  



s o i l  p ,  e f f e c t i v e   g r a i n   s i z e   o f   s o i l  D l o * ,  bulk  modulus  of s o i l  E ,  degree 

o f   s a t u r a t i o n   o f   s o i l  S ,  and o t h e r   p e r t i n e n t   s o i l   p r o p e r t i e s .  

2 . 2 . 2  Summary ~~ o f   P e r t i n e n t   V a r i a b l e s  

The   fo l lowing   proper t ies   o f  a s o i l   a r e  assumed to   have  immediate  

e f f e c t   o n   t h e   s o i l - p r o j e c t i l e   i n t e r a c t i o n   p r o c e s s .  The  degree  of  contribu- 

t i o n   o f   e a c h   v a r i a b l e   t o   t h e  phenomenon may v a r y  from c a s e   t o  case. 

V a r i a b l e s  Symbol Unit ' Dimension 

1. Cohesion  of a s o i l  C p s i  F L - ~  

2.  A n g l e   o f   i n t e r n a l   f r i c t i o n   o f  a s o i l  @ degree none 

3 .  E f f e c t i v e   s i z e   o f   s o i l   p a r t i c l e s  D l 0  i n .  L 

4 .  Wet mass d e n s i t y   o f  a s o i l  P s lug/f  t3 FL-*T2 

5.  Bulk  modulus  of a s o i l  E p s i  FL- 

6. Degree o f  s a t u r a t i o n  of  a s o i l  S pe rcen t  none 

The va r i ab le s   t ha t   de f ine   t he   geomet r i ca l ,   dynamic ,  and o p e r a t i o n a l  

c o n d i t i o n s   o f  a cone  model a r e ,  

V a r i a b l e s  

7 .  Apex a n g l e   o f  a cone 

8.  P e n e t r a t i o n   d e p t h   o f  a cone 

9. Mass o f  a cone 

Symbol U I  Dimension 

0 degree  none 

d i n .  L 

m s l u g  F L - ~  T" 

10. Impact   ve loc i ty   o f  a cone V f P S  LT-I 

11. Maximum a c c e l e r a t i o n   d u r i n g   i m p a c t  a f t / s e c 2  L T - ~  

12 .  Rise time of  impact t m s  ec T 

13. G r a v i t a t i o n a l   a c c e l e r a t i o n  g f t  /s ec2 L T - ~  

14. F a c t o r   o f   f r i c t i o n   o f   c o n e   s u r f a c e  P none  none 

*Dl, i s  t h e   e f f e c t i v e   d i a m e t e r   o f   s o i l   p a r t i c l e s ,   w h i c h  means 10 p e r c e n t   o f  
t h e  soil p a r t i c l e s   a r e   f i n e r   t h a n   t h i s   s i z e .  
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The  model i s  cons idered  a r i g i d  body  and i t s  e l a s t i c  p r o p e r t i e s  are 

neglec ted .  

2 .3  DERIVATION OF TERMS 

L e t  us assume t h a t   t h e   s o i l   p r o j e c t i l e   i n t e r a c t i o n  i s  expressed  by a 

f u n c t i o n   i n  terms o f   v a r i a b l e s   i n  phe p r e c e d i n g   s e c t i o n ,  

Among t h e s e   v a r i a b l e s  @, S ,  8, and p are   d imens ionless .  Dl, and d 

have  the same dimension,   then  one o f  the  dimensionless   products   can  be %Q 

a and g a l s o   h a v e   t h e  same d imens ion ,   therefore  a d imens ion le s s   va r i ab le  

- i s  made. Likewise c and E have   t he  same dimension  and a dimensionless  a 
g 

d m  

product  - i s  formed.  Excluding  a, @, S ,  8, DlO, and E ,  t h e  rest of 

t he   d imens iona l   p roduc t s   a r e   exp res sed   i n  a general   form, 

c 
C 

= (FL-") k1 (FL-4T2)ka  (L)k3  (FL-1T2)k4 (LT-1)k6 (LT-2)k6  (T)b 

This   express ion  is r e s o l v e d   i n t o   t h r e e  component a u x i l i a r y   e q u a t i o n s   w i t h  

respec t   to   th ree   bas ic   d imens ions .  

The dimensional matrix made o f   c o e f f i c i e n t s   o f   t h e   a b o v e   e q u a t i o n s  i s ,  
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k l  ka k3 k4 kb 

1 1 0 1 0 

-2 - 4  1 -1 1 

0 2 0 2 -1 

T h e   d e t e r m i n a n t   o f   t h e   f i r s t   t h r e e  column i s ,  

k6 k7 

0 

1 

- 2  3 1 .  

1 1 0 

- 2  - 4  1 = -2  (+O) 

0 2 0 

Then t h i s   m a t r i x  i s  rank 3 ,  and  the number of   dimensionless   products  is 

7 - 3 = 4 .  There   a re   seven  unknowns i n  Eq 2 . 2  and  there  are th ree   equa t ions ,  

so any  four unknowns can   be   a s s igned   any   a rb i t r a ry   va lue   t o   de t e rmine   t he  

rest o f   t h e   t h r e e  unknowns. 

k, = -1, k4 = 0 ,  and  ks = - 2  . 

Then 

k3 = 113, k, = -113, and  ks = 0. 

Then 

na = (: )lI3 d. 
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kz = - l / 3 y  k, = 1/3, and  k6 = -2 .  

Then 

( 4 )  If k, = 1, k, = ka = k, = 0 ,  

Then 

(5) Combining n2 and I?, , 

(6) Combining n3 and n4, 

The  term  including  the  bulk  modulus E i s  neglected  on  the  assumption 

t h a t   e l a s t i c   b e h a v i o r   o f   s o i l   d u r i n g   i m p a c t  of a p r o j e c t i l e   h a s   l i t t l e   e f f e c t  

on  the  response of t h e   p r o j e c t i l e .  It i s  f u r t h e r  assumed t h a t   t h e   p a r t i c l e  

s i z e  of a s o i l ,   t h e   e f f e c t i v e   s i z e  of s o i l   p a r t i c l e  D l o  a n d   t h e   f r i c t i o n  

be tween   t he   p ro j ec t i l e   su r f ace   and  s o i l  may be   neglec ted .  
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Then Eq 2 . 3  i s  s impi i f i ed   t o   t he   fo rm,  

2.4  _ _  MODEL DESIGN FOR VARIOUS GEOMETRIC SHAPES OF PROJECTILE - - . ~ - - ~~ -~ .. 

The conce ivable   geometr ic   shapes  of a p r o j e c t i l e  are a c i r c u l a r   o r  

r e c t a n g u l a r  f l a t  p l a t e ,  a wedge, a sphe re  and a cone. The i n t r o d u c t i o n  of  

c h a r a c t e r i s t i c   l e n g t h  w i l l  enab le   t he  model  design  of a p r o j e c t i l e   o f   v a r i o u s  

shapes .   The   cha rac t e r i s t i c   l eng ths  of a p l a t e   a r e  i t s  width  and i t s  l eng th  

o r  i t s  r a d i u s .  The c h a r a c t e r i s t i c   l e n g t h   o f  a wedge i s  i t s  width.  The  char- 

a c t e r i s t i c   l e n g t h  of a sphe re  i s  i t s  r ad ius .  A cone  does  not  have a charac- 

t e r i s t i c   l e n g t h   t h a t   r e p r e s e n t s  i t s  shape ,  s o  long as the   pene t r a t ion   does  

not   exceed   the   cone   he ight .  

The c h a r a c t e r i s t i c   l e n g t h ,  A,, and the   pene t r a t ion   dep th ,   d ,  make a 

d imens ion le s s   va r i ab le ,  - . I f   t h e  number o f   c h a r a c t e r i s t i c   l e n g t h  i s  more 

than  two,   the  ra t ios   between them make  new dimensionless   var iables .   For  

i n s t a n c e ,   c h a r a c t e r i s t i c   l e n g t h s  R, and .pZ make a d imens ion le s s   va r i ab le ,  

a1 

A2 
4 * 

The e q u a t i o n   t h a t   r e p r e s e n t s   t h e   s o i l - p r o j e c t i l e  phenomenon i n   g e n e r a l  

form i s  developed  from Eq 2 . 4 .  

where 

A ,  i s  t h e   f i r s t   c h a r a c t e r i s t i c   l e n g t h ,   w h i c h  i s  

the   w id th  of  a r e c t a n g u l a r  p la te ,  

t h e   r a d i u s  of a c i r c u l a r   p l a t e ,  
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t he   w id th   o f  a wedge, o r  

t h e   r a d i u s .   o f  a sphe re ,  

i s  the   s econd   cha rac t e r i s t i c   l eng th ,   wh ich  is 

the   l ength   o f  a p l a t e ,  and 

8 i s  the   apex   angle   o f  a wedge o r  a cone. 

The terms ,d and &z a r e   n e g l e c t e d   f o r  a cone. 

The terms &L and 8 are neg lec t ed   fo r  a sphere  and a c i r c u l a r   p l a t e .  

a, 4 

Rl 

A p l a t e   d o e s   n o t   r e q u i r e   t h e   t e r m   o f  8. Depending  on  the  nature   of   the   soi l ,  

e i t h e r   t h e   a n g l e   o f   i n t e r n a l   f r i c t i o n   o f  a s o i l ,  8 ,  o r   t h e  term inc lud ing   t he  

cohesion  of  a s o i l ,  -2,  may be  excluded  from  the Eq 2.5. As  a matter o f  

cour se   t he  new v a r i a b l e s ,  a, and %, g ive   t he   des ign   cond i t ion   o f  a model. 

That i s ,  

C 

PV 

and 

where n is  the   l eng th   s ca l e :  

- 2.5 SCALE  FACTORS 

The   ma jo r   cond i t ion   o r   r e s t r i c t ion   t o   t he  model des ign  i s  t h e  u s e  of  

t h e  same s o i l   f o r   b o t h   t h e   p r o t o t y p e   a n d  i t s  model.  Another  condition is  t h e  

assumption  of   the same maximum acce lera t ion   on   the   p ro to type   and   the   model .  

The  model d e s i g n s   f o r   t h e   s a n d   a n d   t h e   c l a y   p r e s e n t   d i f f e r e n t   f e a t u r e s  

d u e   t o   t h e   d i f f e r e n c e   o f   t h e i r   c h a r a c t e r i s t i c s .   I n   s a n d   t h e   c o h e s i o n  is  

neglected.   Hence,  the term, -2 ,  which  contains   the  cohesion,   drops  out   of  C 

PV 
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I 

t he   des ign   cond i t ion .  On t h e   o t h e r   h a n d ,   t h e   a n g l e   o f   i n t e r n a l   f r i c t i o n ,  8,  

i s  o m i t t e d   i n   c l a y s .  

2.5.1  Sand 

Neg lec t ing   t he  term, -2, from Eq 2 . 4 ,  t he   equa t ion   expres s ing   t he  C 

PV 

impact of a cone  on a sand i s  w r i t t e n  as Eq 2 . 7 ,  

s c a l e .  

s c a l e .  

where 

It i s  c o n v e n i e n t   t o   e s t a b l i s h   t h e  model  system  on a proper   l ength  

The rest o f   t h e   s c a l e   f a c t o r s   c a n   b e   d e r i v e d   i n  terms o f   t h e   l e n g t h  

L e t  t he   l eng th  scale be ,  

l e n g t h   i n   p r o t o t y p e  = 9 = 
a 

A l e n g t h   i n  model a A =  n,  
q 

p r e f e r s   t o   p r o t o t y p e  and rn t o  model.  The s c a l e   f a c t o r   f o r   p e n e t r a -  

t i o n   d e p t h  i s  t h e   l e n g t h   s c a l e   i t s e l f ,  

d 

The time s c a l e  i s  obtained  f rom  the  condi t ion o f  t h e   i d e n t i c a l   g r a v i -  

t a t i o n a l   a c c e l e r a t i o n ,  

(f2) = ( ;2 ) 
P 

t a 112 
A t = > = ( ? )  = J n  

tm m 
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The cond i t ion  of t h e   i d e n t i c a l   g r a v i t a t i o n a l   a c c e l e r a t i o n  i s  o n l y   a p p l i c a b l e  

on   ear th .  On a n o t h e r   p l a n e t ,   t h e   g r a v i t a t i o n a l   a c c e l e r a t i o n  on t h a t   p a r t i c u l a r  

p l a n e t   o f   i n t e r e s t  m u s t   b e   t h e   p r o t o t y p e   g r a v i t a t i o n a l   a c c e l e r a t i o n  . 
The d i m e n s i o n l e s s   v a r i a b l e   g i v e s   t h e   s c a l e   f a c t o r   o f   i m p a c t  

gP 

V 

v e l o c i t y ,  

The d imens ion le s s   va r i ab le  

t h e  mass of model. 

J n = J n  

( )1'3 d g i v e s   t h e  scale f ac to r   o f  

s i n c e   t h e  mass d e n s i t y   o f   s o i l  i s  the  same fo r   bo th   t he   p ro to type   and   t he  

model. 

The d e s i g n   c o n d i t i o n s   f o r   t h e   i n t e r n a l   a n g l e   o f   f r i c t i o n  o f  a s o i l ,  @, 

the   degree o f  s a t u r a t i o n   o f  a s o i l ,  S,  and  the  apex  angle o f  a cone, 0,  a r e  

a u t o m a t i c a l l y   s a t i s f i e d ,  

@ = 
P 

s = sm, 
P 

and e = e  
P m' 
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Two weights  of  cone  models were used,  one of  129 .5   lbs ,   and   the   o ther  

of  43..0 lbs .   Taking   the   heavy   model   for   the   p ro to type ,   the   sca le   fac tor   for  

t h e  mass o f  a cone p r o j e c t i l e  i s  ob ta ined ,  

Hence 

n = 1 .44 ,  

and 

J n  = 1.20 . 

The r e l a t ionsh ips   be tween   t he   p r imary   va r i ab le s  of  t he   p ro to type ,   t he  

heavy  cone,  and i t s  model ,   the   l igh t   cone ,  i s  summarized as fol lows.  

Var i ab le s  

Angle o f  i n t e r n a l   f r i c t i o n   o f  a soil, r$ 

Mass dens i ty   o f  a s o i l ,  p 

Degree o f  s a t u r a t i o n  o f  a s o i l ,  S 

Apex angle   o f  a cone, 8 

Pene t r a t ion   dep th  o f  a model, d 

Mass o f  a model, m 

Impact   ve loc i ty  o f  a model, v 

Max. a c c e l e r a t i o n   o f  a model, a 

G r a v i t a t i o n a l   a c c e l e r a t i o n ,  g 

Rise time of  impact,  t 

Sca le   Fac to r   P ro to type  Model 

1 

1 

1 

1 60 60 

n = 1.44  

n3 = 3.01 129 .5  l b s   4 3 . 0   l b s  

Jn = 1.20 

1 

1 

Jn = 1.20 

2.5.2  Clay 

Cone 

The impact  of a cone  on a c l a y  is  expressed  by Eq 2.8  which i s  

- 

ob ta ined  by n e g l e c t i n g   t h e  term of   angle  of i n t e r n a l   f r i c t i o n   i n  Eq 2.4.  
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From t h e  t es t  c o n d i t i o n ,   t h e   f o l l o w i n g   r e l a t i o n s  are s a t i s f i e d ,  

Degree of  s a t u r a t i o n   o f  a s o i l :  S = Sm 

Apex angle   o f  a cone: e = em 
P 

P 

Since   t he  same g r a v i t a t i o n a l   a c c e l e r a t i o n  i s  working  on  both  the 

prototype  and i t s  model, 

so t h a t  

Assuming t h e   b a s i c   l e n g t h   s c a l e  AA = n,   the  term  gives   the 
V 

scale f a c t o r   f o r   t h e   v e l o c i t y ,  

The term g i v e s   t h e  time s c a l e ,  
V 

(2 .   l o )  

(2.11) 

The s c a l e   f a c t o r   o f   t h e  mass o f  model i s  der ived  f rom  the term 

(2.12) 
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A l l  t h e   s c a l e d   f a c t o r s  are summarized as fol lows.  

Var i ab le s  

Cohesion  of a s o i l ,  c 

Wet mass d e n s i t y   o f  a s o i l ,  p 

Degree   o f   sa tura t ion   of  a s o i l ,  S 

Apex ang le  of  a cone, 9 

Pene t r a t ion   dep th   o f  a cone, d 

Mass of  a model, m 

Impac t   ve loc i ty   o f  a cone, v 

Max. a c c e l e r a t i o n   o f  a cone, a 

Rise time of   impact ,  t 

S c a l e   F a c t o r  

1 

1 

1 

1 

n 

n 3 

Jn 

1 

Jn 

Hereupon,   the  dimensionless   product  -2 d o e s   n o t   s a t i s f y   t h e  model C 

PV 

law, 

(2.13) 

I f   e i t h e r   t h e   c o h e s i o n   o f  a s o i l ,   c ,   o r   t h e  mass d e n s i t y  o f  a s o i l  

c a n   b e   v a r i e d   t h i s   d i s t o r t i o n  i s  avoided. I f  i t  is  unavo idab le ,   t he re  are two 

g e n e r a l   s o l u t i o n s   t o   t h i s .  The one i s  the   exper imenta l  way t o   d e r i v e   t h e  

p r e d i c t i o n   f a c t o r .  The o t h e r  is  t h e   t h e o r e t i c a l  way t o  compensate  the  dis-  

t o r t i o n   o f  a d i m e n s i o n l e s s   p a r a m e t e r   b y   a d j u s t i n g   t h e   d i s t o r t i o n   f a c t o r s   i n  

such a way t h a t   t h e   p r e d i c t i o n   f a c t o r  becomes uni ty .  The l a t t e r  method 
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r e q u i r e s   t h e   f u l l  knowledge  of   the  equat ion  that   expresses   the phenomenon t o  

de r ive   t he   equa t ion   o f   p red ic t ion   f ac to r   and   a l so   t he   f r ee   cho ice   o f   d i s to r -  

t i o n   f a c t o r   o f  a d imens ionless   var iab le ,   which  i s  n o t   r e a l i s t i c   t o   t h e   p r e s e n t  

case .  

The p r e d i c t i o n   f a c t o r  i s  d e f i n e d   i n  a gene ra l  way, 

(2.14) 

where 6 i s  t h e   p r e d i c t i o n   f a c t o r  and CY i s  t h e   d i s t o r t i o n   f a c t o r   o f  a 

d imens ion le s s   va r i ab le  TT2. 

I f   t h e  maximum a c c e l e r a t i o n  i s  o f   i n t e r e s t ,  Eq 2.8 i s  r e w r i t t e n  i n  

the  form, 

and   t he   p red ic t ion   f ac to r   fo r   t he  TT term - a 
g 

i s  

(2.15) 

(2.16) 
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CHAPTER I11 

TEST ON SANDS 

3.1 GENERAL 

The  aim o f   t h e  series o f  impact tests on  sand was t o   v e r i f y   t h e  

f eas ib i l i t y   o f   mode l ing   t he   r e sponse   o f   an   impac t ing   cone .  An examination 

was made of   the   agreement   o f   p red ic t ing   behavior   o f  a prototype  from  experi-  

ments   with a model.  This was done   fo r  two d i f f e r e n t  s ta tes  i n   e a c h   o f  two 

sands.  

3 .2  TEST  EQUIPMENT 

3.2.1  Launching  Device- 

The launching  device  designed by  Reichmuth17 was used i n   t h i s  

experiment  (Fig.  3 . 1 ) .  

The launching   device   cons is t s  o f  a s e t  o f  aluminum  framing  mounted 

on a p ickup  t ruck ,  a n i t rogen   t h rus t   sys t em,  a wagon t h a t   c a r r i e s   t h e  model, 

and a braking  system. 

The  main p a r t  o f  the   f raming  i s  a p a i r   o f   r a i l s  made o f  1 4   f t   l o n g ,  

1 - 1 / 2  x  2 i n .   r e c t a n g u l a r  aluminum tubes.  The  model i s  c a r r i e d  by a wagon 

which r o l l s  down t h e   t r a c k  formed  by t h e s e  two r a i l s .  The top   ends   o f   the  

r a i l s  a r e  a t t ached   by   h inges   t o  a p a i r   o f  14 f t   l o n g  aluminum I beams s e t  

up r igh t   on  a p ickup.   These   h inges   can   s l ide   a long   the  I beams t o   p o s i t i o n  

t h e  ra i l s  a t  a n y   a n g l e   f r o m   v e r t i c a l   t o   h o r i z o n t a l .  

The t h r u s t   s y s t e m   a t   t h e   u p p e r  e n d   o f   t h e   r a i l s  i s  operated  by 500 

p s i   h i g h   p r e s s u r e   n i t r o g e n .  It  c o n s i s t s   o f  two p i s t o n s   w i t h   g a s   t o   a c t u a t e  

t h e   p i s t o n s   r e g u l a t e d   b y  a v a l v e   t o   g i v e   d e s i r e d   v e l o c i t y   t o   t h e  model. I n  

t h e  series o f  tests d e s c r i b e d   i n   t h i s   r e p o r t   t h e   t h r u s t   s y s t e m  was not   used ,  
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s i n c e   t h e   i n i t i a l   v e l o c i t y  was o b t a i n e d   b y   f r e e   f a l l .  The maximum v e l o c i t y  

o b t a i n e d   b y   f r e e   f a l l  was 30 f p s .  

The b r a k i n g   s y s t e m   a l s o   c o n s i s t s  of two p i s tons   p re s su red  by n i t r o g e n  

a t  1 0   p e r c e n t   o f   t h r u s t i n g   p r e s s u r e   o r  25 ps i ,   whichever  is more. 

The wagon h o l d s   t h e  model a t   d e s i r e d  trim a n g l e   u n t i l  model release 

about 10 i n c h e s   a b o v e   t h e   t a r g e t   s o i l .   B e f o r e  release t h e  wagon i s  connected 

t o  a yoke by a p a i r   o f  jaws which a re  re leased   by  a solenoid.  The  yoke may 

b e   f a s t e n e d   t o   a n y   p o s i t i o n   a l o n g   t h e -  r a i l s  t o   g i v e   t h e   d e s i r e d   i m p a c t   v e l o -  

c i t y   t o   t h e  model.  The jaws o f   t h e  wagon which  hold  the model are  r e l e a s e d  

a l s o  by a s o l e n o i d   t r i g g e r e d  by a cam operated  microswitch  mounted on t h e  

wagon. The cam i s  a t t a c h e d   t o   o n e   o f   t h e   r a i l s .  

3 . 2 . 2  Measuring  Instruments  

Elec t r ica l   equipments   were   used   to   record   the   acce le ra t ion- t ime 

h i s t o r y   o f   t h e  model during  impact  and  the  model  speed  immediately  before 

impact. A l l  e l e c t r i c a l   e q u i p m e n t s   u s e d   a r e   i d e n t i c a l   w i t h   t h o s e   u s e d  by 

Reichmuth. 

Accelerometers 

Two small and   l i gh twe igh t   t r i - ax i s   acce l e romete r s   o f  Type 4 - 2 0 4  made 

by Consol ida ted   Elec t rodynamics   were   bu i l t   in   the  mast o f  t he  model a long  

i t s  axis. Each o f  t h ree   acce le romete r   modu l i   cons i s t s   o f  a four-act ive-arm,  

s p r i n g   t y p e  unbonded s t r a in   gage   e l emen t  and a se i smic  mass damped  by t h e  

s h e a r   a c t i o n  of  a v i s c o u s   f l u i d .  The maximum a c c e l e r a t i o n   r a n g e s  were 250 g ' s  

f o r   b o t h   v e r t i c a l  and r o t a t i o n a l   d i r e c t i o n  and  100 g ' s   € o r   t r a n s v e r s e   d i r e c -  

t i o n .  The a c c e l e r o m e t e r   m o d u l e s   f o r   v e r t i c a l   a n d   r o t a t i o n a l   d i r e c t i o n s  were 

c a l i b r a t e d   f o r  200 g ' s .  T h i s   c a l i b r a t e d   v a l u e  was about  10 times o f   t h e  

working  range.  The f u l l   r a n g e   o u t p u t   f o r  a l l  t h r e e  axes was approximately 

31 



40 m i l l i v o l t s  a t  t h e   r a t e d   e x c i t a t i o n   o f  5 v o l t s  DC. The na tura l   f requency  

of  each  accelerometer  modules  ranged  between  1300  and  1600  cycles  per  second. 

I n   o r d e r   t o   a v o i d   t h e   d i s t u r b a n c e   o n   r e c o r d   d u e   t o   t h e   n a t u r a l  fre- 

quency  of the acce lerometer ,  symmetrical " p a r a l l e l  T" f i l t e r   c i r c u i t s   h a v i n g  

a t h e o r e t i c a l   i n f i n i t e   a t t e n u a t i o n  a t  a f requency  of   1540  cycles   per   second 

were added   t o   t he   ve r t i ca l   and   ro t a t iona l   acce l e romete r s .   The   f r equenc ie s  

of  impact  impulse  ranged  between 20 and 30 c y c l e s  p e r  second. 

A type  565  dual  beam Tek t ron ix   o sc i l l o scope   hav ing  two type 3A3 

d u a l   t r a c e   d i f f e r e n t i a l   v e r t i c a l   a m p l i f i e r s  was used   t o   r eco rd   t he   acce le r -  

a t ion- t ime  curve .  A Tekt ronix  Type C12 camera  took  instantaneous  3-1/4 x 

4 - 1 / 4   i n .   P o l a r o i d   p i c t u r e s  o f  o sc i l l o scope   s c reen   images .  

A one  and a h a l f  KVA ger?erator   dr iven  by a gaso l ine   eng ine  was used 

to   supply  110 v o l t s  AC ,power f o r   t h e   o s c i l l o s c o p e s   a n d  DC power f o r   t h e  

acce le romete r s .  A Harrison  Labs Model 6204A r e c t i f i e r  was employed f o r  

r e c t i f y l n g  and  transforming of  t h e  5 v o l t s  DC power f o r   t h e   a c c e l e r a t o r s .  

T h i s   v o l t a g e  was regula ted   manual ly   by   the   opera tor   before   each  tes t .  

- Veloc i ty   De tec to r  

The  mcdel v e l o c i t y  was obtair ,ed  by  measuring  the  speed  of   the wagon 

immediately  before   model   re lease.  The poin t   o f   ve loc i ty   measurement  was 

about two f ee t   above   t he   t a rge t   s and   bed .  

The v e l o c i t y   d e t e c t o r   c o n s i s t s   o f   a n   o s c i l l o s c o p e   t r i g g e r i n g   c i r c u i t  

and a se r ies  p a r a l l e l   c i r c u i t   h a v i n g   f o u r   m u s i c - w i r e   c o n t a c t s   a t  two i n .  

i n t e r v a l s   t h a t   a r e   o p e n e d   i n   s u c c e s s i o n  by a n   o u t r i g g e r   p r o t r u d i n g  from t h e  

f a l l i n g  wagon. 

A t ype  502A d u a l  beam T e k t r o n i x   o s c i l l o s c o p e   g i v e s   t h e   v o l t a g e   s t e p s  
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3 . 2 . 3  Models 

The monol i th ic  aluminum  cone was formed  by cas t ing   (F igs .   3 .2   and   3 .3 ) .  

The cone is 12  in.   high  and  has  an  apex  angle o f  60 degrees .  I t s  wall   and 

c r o s s   r i b s   h a v e   1 / 2   i n .   t h i c k n e s s .   I n   t h e   c e n t e r   o f   t h e   c o n e  a 3 x 3 i n .  mast 

w a s  f i x e d   i n s i d e  a b racke t  formed  by 1 /2   i n .   t h i ck  aluminum p l a t e s .  The mast 

c o n s i s t s   o f  two p ieces  o f  3 x 1 . 5   i n .   s o l i d  aluminum ba r   i n   wh ich  two acce l -  

erometers are encased. A t  t h e   u p p e r   p a r t  of t h e  mast t h e r e  a re  two grooves 

for   the   j aws   of   the  release mechanism.  The l i g h t  cone  weighs  43.0  lbs .   In  

o r d e r   t o   o b t a i n  a heavy  cone, two s teel  d i s c s   o f  1 and 2 in .   th ickness   were  

added  on  the  base  of  the  cone. The heavy  model  weighs  129.5  lbs. 

3 .3  SAND BEDS 

Two w i d e l y   d i f f e r e n t   t y p e s   o f   s a n d s   w e r e   t e s t e d   i n   d r y - l o o s e ,   d r y -  

dense   and   s a tu ra t ed -dense   s t a t e s .  The one  type of sand i s  a standard  Ottawa 

Sand  and t h e   o t h e r  i s  a Colorado  River Sand o b t a i n e d   l o c a l l y   i n   A u s t i n ,   T e x a s .  

The  Ottawa  Sand i s  a poor ly   g raded ,   f i ne ,   wh i t e   s and   cons i s t ing   o f  

r o u n d   p a r t i c l e s   o f   s i l i c a .   R e f e r r i n g   t o   t h e  work o f  Reichmuth17,  the maximum 

v o i d   r a t i o  was 1 .12 ,   the  minimum v o i d   r a t i o  was 0 .577   and   t he   spec i f i c   g rav i ty  

was 2.654. I t s  g r a i n   s i z e   d i s t r i b u t i o n  i s  shown i n   F i g .   3 . 4 .  

The  Colorado  River  sand i s  a w e l l  g r a d e d   l i g h t  brown sand  comprised 

o f  s u b a n g u l a r   p a r t i c l e s   o f   q u a r t z   w i t h  some l imes tone   and   fe ldspar .  The 

maximum diameter   reaches  about   1/4  in .  I t s  phys ica l   p rope r t i e s   were   a l so  

de t e rmined   i n   t he   p rev ious   s tudy .  The maximum v o i d   r a t i o  was 0.80 and  the 

minimum v o i d   r a t i o  was 0.39.  The s p e c i f i c   g r a v i t y  was 2.644. The g r a i n   s i z e  

d i s t r i b u t i o n  i s  shown in   F ig .   3 .4 .  

The tes ts  were c a r r i e d   o u t  a t  the  Balcones  Research  Center  of  The 

Un ive r s i ty  o f  Texas.  The tes t  s i t e  was she l te red   by   an   abandoned  re inforced  
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TOTAL WEIGHT 43.0 LBS. 

FIG, 3.2 LIGHT CONE 
(MODEL) 

12.0" 
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-r TOTAL WEIGHT 129.5 LBS. 

FIG. 3.3 HEAVY CONE 
(PROTOTYPE) 

12.0" 
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c o n c r e t e   i n d u s t r i a l   b u i l d i n g .  A p i t  for   the   sand   bed   of  3 . 5  f t  width,  5 f t  

l eng th  and 4 f t  depth  w a s  dug i n   t h e   f i r m   c l a y e y   g r o u n d .   B e f o r e   f i l l i n g   w i t h  

sand ,   the  p i t  was l i n e d   w i t h  a s h e e t   o f   p l a s t i c   f i l m   t o  make i t  w a t e r t i g h t .  

F i r s t ,   d r y  O t t a w a  Sand was t e s t e d   b o t h   i n   d e n s e  and loose  s ta te .  Then i t  

was submerged  with water and tests were run  on  saturated-dense  Ottawa  Sand. 

The s a t u r a t e d  Ottawa Sand w a s  removed  from t h e   p i t  and tests were repea ted  

for  Colorado  River  Sand in   d ry- loose ,   d ry-dense ,   and   sa tura ted- loose   condi -  

t ions .  

The l o o s e   s t a t e s   o f   s a n d s   w e r e   p r e p a r e d  by turn ing   sands   wi th  a 

shovel   to   the  depth  of   about   one  and a h a l f   f t  be low  the   sur face   before   each  

t e s t .  The average  dry  and w e t  d e n s i t y   a n d   v o i d   r a t i o   o f   l o o s e   s a n d s   a r e   a s  

fo l lows .  

Dry-Loose Dry- Loose 
Ottawa  Sand  Colorado  River Sand 

Dry Dens i ty   (pcf )  88 95 

Wet Dens i ty   (pcf )  90 

Water Content   (percent )   1 .3  

Void Ra t io  0.87 

96 

1 . 7  

0 . 7 5  

The d r y   d e n s i t y  i s  def ined   as   the   dens i ty   o f   an   oven-dr ied   sample .  

The wet d e n s i t y  i s  d e f i n e d   a s   t h e   d e n s i t y  o f  t h e   s a n d   i n  s i t u  with  hygroscopic  

mois ture .  

Dense  sands were ob ta ined  by tamping.  They  were f i r s t  tamped by 

f o o t   f o r  a few minutes .  Then a 10 x 7 in .   concrete   block  weighing  about  20 

l b s  was dropped  from  about 1 f t   h e i g h t   o n t o   t h e   s u r f a c e   o f   t h e   s a n d  bed f o r  

s eve ra l   minu te s .  The area of  compaction was about  2 x 2 f t .  The average 

dry  and  wet   densi ty   and  the  void  ra t io   of   dense  sands were measured as 

fol lows.  
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Dry-Dense Dry-  Dens e 
Ottawa Sand  Colorado  River  Sand 

Dry Densi ty   (pcf)   103 104 

Wet Dens i ty   (pcf )  104 10 6 

Water Content   (percent )  1.1 1.5 

Void R a t i o  0.61 0.59 

The s a t u r a t i o n   o f   t h e   s a n d   r e s u l t e d   i n  a fur ther   compact ion from the  

dry-dense  s ta te .   Al though  the  sands  were  f looded  before   each tes t ,  the  i m -  

pact   of  a model   caused   a lmost   ins tan taneous   d i ss ipa t ion   of   water  from the  sand 

bed  surface  and i t  was necessa ry   t o  add  more water before   each tes t  t o  main- 

t a i n   s a t u r a t i o n .  The ave rage   dens i ty   and   vo id   r a t io  of s a t u r a t e d   s a n d s  were 

as   fol lows : 

Saturated-Dense  Saturated-Dense 
Ottawa Sand  Colorado  River  Sand 

Dry Dens i ty   (pcf )  114 

Wet Densi ty   (pcf)   136 

Water  Content  (percent)  19.3 

113 

131 

16.0 

Void Rat io   0 .45  0.47 

Immedia t e ly   a f t e r   each   t e s t  a sample  of  the  sand was taken  by a 

1-15/16  in.  inrrer  diameter,  1-9/16 i n .  he ight   and   1 /32   in .   wal l   th ickness  

b r a s s   r i n g .  The sand  sample was used   to   de te rmine   the   water   conten t  and 

t h e   d e n s i t y   o r   v o i d   r a t i o .  The r i n g  was pushed i n t o   t h e   u n d i s t u r b e d   p a r t   o f  

the  sand  bed  and was dug o u t   a f t e r  a p l a t e   had   been   pushed   i n to   t he   so i l  a t  

the  bottom. The sand a t  t h e   t o p   o f   t h e   r i n g  was l eve led   w i th  a s t r a i g h t  

edge  and  the  weight   of   the   sand and t h e   r i n g  was measured  immediately a t   t h e  

t e s t  s i t e .  Figures  3.5  and  3.6 show the   d i s t r ibu t ion   o f   dens i ty   measu remen t s .  

The v a r i a t i o n   o f   d e n s i t y   i n   t h e   v e r t i c a l   d i r e c t i o n   o f   t h e   s a n d  bed 

was also  observed.  Density  measurements were t a k e n   a t   t h r e e   d e p t h s ,   o n c e  
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OTTAWA SAND 

o DRY - LOOSE 

0 DRY -DENSE 

x SATURATED  -DENSE 

FIG. 3.5 DENSITY MEASUREME.NTS,OTTAWA SAND 
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" I  I o DRY - LOOSE 

0 DRY- DENSE 

X SATURATED - DENSE 

WATER CONTENT, X 

FIG. 3.6 DENSITY  MEASUREMENTS, 
COLORADO RIVER SAND 
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for   the  loose-dry  Ottawa Sand  and  once  for  the  dense-dry  Colorado  River  Sand. 

Test resul ts  showed tha t   sand   beds  were f a i r l y   u n i f o r m   t o  a depth  of   about  

one f t  be low  the   sur face .  Below one f t ,   t h e   s t a t e   o f   s a n d  was n o t   a f f e c t e d  

by each  treatment  and  remained  always a t   t h e  same dens i ty   o f   abou t  95 pcf .  

Although  there  was  a sma l l   va r i a t ion   i n   dens i ty   measu remen t s   a s  shown 

in   F igs .   3 .5   and   3 .6 ,   the   responses   o f   the   models  were c l a s s i f i e d   i n t o   t h r e e  

d is t inc t   g roups ,   namely ,   d ry- loose ,   d ry-dense ,   and   sa tura ted-dense   sands .  

I n  s p i t e  o f   t h e   f a c t   t h a t   t h e r e  was loca l   nonun i fonn i ty   o f   dens i ty  

of   the   sand   bed ,   as  a whole  the  sand  beds s t i l l  ma in ta ined   t he   des i r ed  

cha rac t e r i s t i c s   o f   each   s t a t e   o f   s and .  The local   nonuniformity  of   sand 

might   be   a t t r ibu ted   to   the   forming  o f  c lods  by mois ture   in   sand  and t h e  

in su f f i c i en t   r ak ing   o f   t he   d i s tu rbed   s and   bed .  It i s  a l s o   t o  b e  po in t ed   ou t  

t h a t   t h e   r e l i a b i l i t y   o f   s a m p l i n g   w i t h   r e l a t i v e l y   s m a l l   r i n g s  i s  i n   q u e s t i o n .  

3.4 TEST PROCEDURE 

3.4.1 Drop Tes t  

The  same tes t  procedures  were  repeated  for  Ottawa Sand  and  Colorado 

River  Sand in   d ry - loose ,   d ry -dense   and   s a tu ra t ed -dense   s t a t e s .   Fo r   each  

s ta te   o f   sands   bo th   the   l igh t   and   heavy  cones   were   d ropped  from va ry ing  

h e i g h t   t o   a c h i e v e   f i v e   d i f f e r e n t   i m p a c t   v e l o c i t i e s ,   t h a t  i s  10, 14, 1 7  , 19 

and 2 3  f t  p e r  second.  The same tests were r e p e a t e d   a t   l e a s t   t w i c e   t o   c h e c k  

the   e r ro r .   A l toge the r   149   t e s t s   were   conduc ted  from J u l y  10, 1967 t o  

August 10, 1967. In   each   t e s t   t he   fo l lowing   r eco rds   were   t aken .  

1. Drop he ight   and   nominal   ve loc i ty .  

2. V e r t i c a l   f r e e   f a l l   d i s t a n c e  from t h e   l a s t   p i n   o f   v e l o c i t y   d e t e c t o r .  

3 .  T i m e  bases  and s e n s i t i v i t i e s   o f  two o s c i l l o s c o p e s .  

4. P e n e t r a t i o n   d e p t h .  

5. Acce le ra t ion  time h i s t o r y  by an   o sc i l l o scope .  

- 
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6. S tep   impulses   f rom  ve loc i ty   de tec tor .  

3 . 4 . 2  Data Process ing  

The 3 - 1 / 4  x 4 - 1 / 4  i n .   p i c t u r e s   o f   a c c e l e r a t i o n   a n d   v e l o c i t y   r e c o r d  

are too small f o r   a c c u r a t e   i n t e r p r e t a t i o n .  The con tac t   t r anspa renc ie s  were 

reproduced   for  u s e  i n   a n   o v e r h e a d   p r o j e c t o r .  The p i c t u r e s  were p ro jec t ed  

on 11 x 1 7  i.n.  graph paper  and the   en la rged   r eco rds  were drawn  of  accelera- 

t i o n   c u r v e s   a n d   v e l o c i t y   s t e p .  The t o t a l   c o u r s e   o f   a c c e l e r a t i o n  was then 

d i v i d e d   i n t o   n e a r l y  25 equal  time i n t e r v a l s   t o   r e a d   t h e  time and a c c e l e r a t i o n .  

A l l  t h e   d a t a  were punched  on  computer   cards   for   subsequent   calculat ions by an 

e l e c t r o n i c   c o m p u t e r .   F i r s t   t h e   a c c e l e r a t i o n - t i m e   r e l a t i o n s  were p l o t t e d  by 

the   computer   for   the   immedia te   check   of   e r rors   in   input   da ta .   Vary ing   ve lo-  

c i t y  and   pene t ra t ion   o f  a model during  impact  were ob ta ined  by  numerical 

i n t e g r a t i o n   o f   t h e   a c c e l e r a t i o n   c u r v e ,   o n c e   f o r   t h e   v e l o c i t y   a n d   t w i c e   f o r  

t h e   p e n e t r a t i o n .  The n u m e r i c a l   i n t e g r a t i o n  was done by us ing   t he   t r apezo ida l  

ru l e   fo r   t he   s econd   po in t ,   S impson ' s   113   fo rmula   fo r   t he   t h i rd   po in t   and  

Simpson's 3 / 8  formula   for   the   fo l lowing   po in ts .  

3 .5  ERROR CHECK 

The d i r e c t  measurements were compared  with  the  calculat ions  of   velo-  

c i t y  and   pene t ra t ion  of a model.  The e r rors   which   were   observed   in   the  com- 

pa r i sons  may b e   a t t r i b u t e d   t o   s e v e r a l   f a c t o r s .  It was observed   dur ing   the  

f a l l   o f   t h e  wagon t h a t   t h e   t r a c k  moved upwards  even  though  several  sand  bags 

each  weighing 100 l b s  were r e s t i n g  on  the U frame. It was a l so   observed  

t h a t   t h e   t r a c k ,  made of  two aluminum r e c t a n g u l a r   t u b e s ,  swung back  and  forth. 

The  models a t  rest  a f t e r   i m p a c t   u s u a l l y   t i l t e d  a few degrees  forward o r  back- 

ward. I t  was sometimes  necessary  to   lean  the  t rack up t o  5 degrees  backwards 

t o   g e t   t h e   v e r t i c a l   p e n e t r a t i o n  o f  a model. 
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3.5.1  Impact   Veloci ty  

The time from t h e   t r i g g e r i n g   o f   t h e   o s c i l l o s c o p e s   t o   t h e  moment of 

i n i t i a t i o n   o f   i m p a c t  w a s  c a l c u l a t e d   i n  two ways to   check   t he   impac t   ve loc i ty .  

The d i s t a n c e   b e t w e e n   t h e   f i r s t   t r i g g e r i n g   p o i n t   a n d   t h e   s a n d   s u r f a c e  

was measured  before  each test .  The t r a v e l  time was c a l c u l a t e d  by d i v i d i n g  

t h i s   d i s t a n c e  by the   measured   ve loc i ty .  

The t r a v e l i n g  time was a l so   ob ta ined   by   add ing   t he   de l ay  time o f   t h e  

o s c i l l o s c o p e   t o   t h e   l a g  time o f   a c c e l e r a t i o n   r e a d   o n  a photo  record.  

These two d i f f e r e n t l y   o b t a i n e d  times check  the  change i n  t r a v e l i n g  

d i s t ance .   Fo r   i n s t ance ,   one  i n .  change i n   d i s t a n c e   r e s u l t s   i n  4.2 msec 

d i f f e r e n c e   a t  20 f p s .   T o t a l   t r a v e l i n g  time i s  7 1  msec f o r  1 7  i n .   t r a v e l  and 

20 fps .  They a l s o   c h e c k   t h e   c h a n g e   i n   r e l a t i v e   v e l o c i t y   b e t w e e n   t h e   t r a c k  

f p s ,   t h e   t r a v e l i n g  time and  the  model. I f   t h e   t r a c k  was moving  upward a t  1 

f o r  1 7  i n .   t r a v e l   a t  2 1  f p s   r e l a t i v e   v e l o c i t y  i s  c a  

which i s  3.5  msec l e s s   t h a n   t h e   a c t u a l   t i m e .   T h e r e  

t h e   e f f e c t s   o f  upward displacement   and  the movement 

The t e s t  resul ts  showed tha t   the   check  time 

l c u l  

i s  

of  

ca 1 

a ted   to   be   67 .5   msec ,  

no  way t o  separate 

t r ack .  

c u l a t e d  from t h e  

measured   ve loc i ty  was normally  about 10 msec sma l l e r   t han   t he   o the r .  It can 

b e   a t t r i b u t e d   e i t h e r   t o   t h e  few i n .  upward d i s p l a c e m e n t   o f   t h e   t r a c k   o r   t o  

t h e  2-3 f p s  upward movement o f   t he   t r ack .   I f   t he   check  time d i f f e r e n c e  i s  

so le ly   due   t o   t he   d i sp l acemen t   o f   t he   t r ack ,   t he   measu red   ve loc i ty   does   no t  

need   co r rec t ion .   I f  i t  i s  caused  by  the movement of   the  t rack  the  measured 

v e l o c i t y  mus t   be   co r rec t ed   acco rd ing ly .   Accord ing   t o   t he   v i sua l   obse rva t ion ,  

t h e   t r a c k  jumped a few i n .  upward. It may be c e r t a i n   t h a t   b o t h   t h e   d i s p l a c e -  

ment  and t h e  movement o f   t h e   t r a c k   a f f e c t e d   t h e   c h e c k  time. The re fo re ,   t he  

average  of the d i r e c t l y  m e a s u r e d   v e l o c i t y   a n d   t h e   v e l o c i t y   c a l c u l a t e d  from. 

the   de l ay   and   l ag   t ime  was t a k e n   t o   u s e  i n  the   whole   subsequent   ana lys i s .  
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3.5.2 Accelerat ion  Curve 

Newton's l a w  s a y s   t h a t   t h e  momentum change i s  equal   to   the   impulse ,  

mdv = Fdt ,  (3 .1)  

where m i s  t h e  mass of  a cone, dv i s  t h e   c h a n g e   i n   v e l o c i t y ,  F i s  t h e  

f o r c e  from the  s o i l  on a cone  and  dt  i s  time. 

For   the  case of  a body i n   f r e e - f a l l   i m p a c t i n g   o n  s o i l  t h e   d i r e c t i o n s  

o f   t he   fo rce  F i n  Eq 3.1 is  t a k e n   a s   n e g a t i v e  when i t  i s  oppos ing   the   d i rec-  

t i o n  o f  impac t   ve loc i ty ;   t he re fo re ,  

mdv = -Fdt .  

Tak ing   t he   i n t eg ra l  of  Eq 3 . 2  from t h e  s t a r t  t o   t h e  end  of  the  impact,  

i: I 2 m d v = -   F d t  

1 

= f m a ( t )   d t  

1 
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T h i s   r e l a t i o n s h i p   r e d u c e s   t o   a n   e x p r e s s i o n   f o r   c a l c u l a t i n g   t h e   v e l o c i t y  from 

a n   a c c e l e r a t i o n   c u r v e   i f   t h e   i n i t i a l   v e l o c i t y ,  vl, i s  known. 

A c o r r e c t i o n   o f   t h e   m e a s u r e d   a c c e l e r a t i o n   a ( t )  i s  necessary ,  when 

t h e   t e r m i n a l   v e l o c i t y   c a l c u l a t e d   f r o m   t h e   a c c e l e r a t i o n   r e c o r d ,   a ( t ) ,  by 

us ing  Eq 3 .3   does   no t   ag ree   w i th   t he   r ea l   t e rmina l   ve loc i ty   o f   t he  phenomenon 

which i n   t h i s   s t u d y  is  zero.  

The i d e a l   a c c e l e r a t i o n ,   v e l o c i t y  and pene t r a t ion   v s .  t i m e  r e l a t i o n s  

a r e   r e p r e s e n t e d  by  Fig.  3.7. I n   t h e   a c c e l e r a t i o n   c u r v e   t h e   z e r o   l i n e  i s  

t a k e n   a s   g r a v i t a t i o n a l   a c c e l e r a t i o n .  A t y p i c a l   a c c e l e r a t i o n   c u r v e   o b t a i n e d  

from f i e l d   d a t a  i s  shown  by a s o l i d   l i n e   i n   F i g .   3 . 8 ( a ) .  An i n t e g r a t i o n   o f  

t h i s   cu rve   w i th   r e spec t   t o   t ime   y i e lds   ve loc i ty   and   t h i s  i s  shown  by a s o l i d  

l i n e   i n   F i g .   3 . 8 ( b )   a n d  i t  can   be   s een   t ha t   t h i s   ve loc i ty   does   no t  come t o  

zero.  I n  o r d e r   t o   b r i n g   t h e   t e r m i n a l   v e l o c i t y   z e r o ,   t h e   a c c e l e r a t i o n   r e c o r d  

has   to   be   cor rec ted .  

Some o f   t he   acce le ra t ion   r eco rds   were   i ncomple t e   and   mi s sed   t he   l a s t  

por t ion   o f   the   curve   which  was necessary  t o  c a l c u l a t e   t h e   t e r m i n a l   v e l o c i t y .  

S ince   t he   d i f f e rence   be tween   t he   ca l cu la t ed   t e rmina l   ve loc i ty   and  minimum 

v e l o c i t y  i s  sma l l ,   t he  minimum v e l o c i t y  was u s e d   f o r   t h e   c o r r e c t i o n   o f  

a c c e l e r a t i o n   r e c o r d .  The minimum v e l o c i t y  was ca l cu la t ed   fo r   each  tes t  and 

a c o r r e c t i o n   f a c t o r  was de te rmined   t o   b r ing   t he  minimum v e l o c i t y   t o   z e r o .  

Taking  the minimum v e l o c i t y   a s   z e r o  i s  s t i l l  underes t imat ing   the  

a c c e l e r a t i o n .  However, as a r e s u l t   o f   t h e   c o r r e c t i o n ,   t h e   s c a t t e r i n g   o f  

a c c e l e r a t i o n   r e c o r d  was improved. 

Af t e r   t he  t e s t ,  i n   a n   e f f o r t   t o   f i n d   t h e   c a u s e   o f   d e v i a t i o n   o f  

a c c e l e r a t i o n ,   e v e r y   p a r t   o f   t h e   e l e c t r i c a l  equipment was checked f o r  i t s  

func t ion   and   e f fec t   on   the   acce le ra t ion   measurement ,   bu t  no d e f e c t  w a s  found 

t h e r e .   F i n a l l y ,   a n o t h e r  series of tests wi th  a sma l l e r   sphe re  model was 
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c a r r i e d   o u t   i n   t h e   l a b o r a t o r y   t o   c h e c k   t h e   f u n c t i o ' n   o f   a c c e l e r o m e t e r s .  

Acce le ra t ion   r eco rds   aga in  showed  some  random dev ia t ion .  One r eason ing   t o  

this  unsteady  measurement i s  tha t   the   working   range  o f  the   acce le rometer  was 

too   sma l l   fo r  i t s  maximum capac i ty .  The maximum a c c e l e r a t i o n  measured was 

40 g ,  whereas  the maximum capac i ty   o f   t he   acce le romete r  was 250 g. Another 

cause may be   due   to   the   inva l idness   o f   assuming a r i g i d  body o f   t he  model. 

- 

3.6 TEST  RESULTS AND ANALYSIS 

3 . 6 . 1  Test Records 

A l l  t h e  t e s t  resu l t s  a r e   t a b u l a t e d   i n  Appendix I. In   Tab le  I - A  

t h r o u g h   I - F   i n  Appendix I,  the  maximum fo rces  and maximum a c c e l e r a t i o n s   a r e  

co r rec t ed   a s   d i scussed   i n   Sec t ion   3 .5 .2 .  The c o r r e c t i o n   f a c t o r s   a r e   a l s o  

l i s t e d   i n   t h e s e   t a b l e s .  

Typica l   shapes   o f   acce le ra t ion   vs .  time c u r v e s   a r e  shown in   F ig .   3 .9 .  

In   F ig .   3 .9   examples   a re  shown for   the   heavy   cone   and   the   l igh t   cone  

i m p a c t i n g   a t  2 3  fps   nominal   ve loc i ty   in to   the   d ry- loose ,   d ry-dense   and   sa tu-  

r a t e d   s t a t e  of  Colorado  River  Sand. The curves  approach a t r iangular   shape .  

The t r i a n g u l a r   s h a p e s   f o r   t h e   l o o s e   s a n d   t e s t   h a v e   t h e   l o w e s t   h e i g h t  and the  

broadest   base.  The s a t u r a t e d   s a n d   t e s t   g i v e s   t r i a n g u l a r   s h a p e s   w i t h   t h e  

t a l l e s t   h e i g h t  and  the  narrowest  base.  The d ry -dense   s and   t e s t  comes i n  

be  tween. 

Figures  3.10  through  3.15 show t h e   r e l a t i o n s   o f   i m p a c t   v e l o c i t y   v e r s u s  

p e n e t r a t i o n   d e p t h   f o r   d i f f e r e n t   s t a t e s   o f   s a n d s .  The s t a t i c   p e n e t r a t i o n  

cor responding   to   zero   impact   ve loc i ty  was obta ined  by p lac ing   the   cone  model 

s lowly on the   sand   sur face  and a l lowing   the   cone   to   pene t ra te   under  i t s  own 

we igh t .   Pene t r a t ion   i nc reases   a lmos t   l i nea r ly   w i th   impac t   ve loc i ty .  The 

behavior   of  a heavy  cone i n   l o o s e   s a n d s  i s  d i f f e r e n t  from o the r s .   F igu re  

3.10  and  Fig.  3.13 show t h a t   t h e   p e n e t r a t i o n   o f  a heavy  cone  did not i nc rease  
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con t inuous ly   w i th   i nc reas ing   impac t   ve loc i ty .   Th i s  is  a t t r i b u t e d   t o   t h e  

dense   l ayer   o f   sand   under ly ing   the   one   and  a h a l f   f t   o f   l o o s e   s a n d   u n d e r   t h e  

top   l aye r .  

Figures   3 .16  through  3 .21 show t h e   r e l a t i o n s   o f   t h e   i m p a c t   v e l o c i t y  

ve r sus   t he  maximum a c c e l e r a t i o n   f o r   e a c h  s t a t e  of   sands.  The a c c e l e r a t i o n   o f  

a l i g h t  cone i s  always  higher   than a heavy  cone  except   for   loose  sands  tes ts  

as shown in  Figs .   3 .16  and  3 .19.  

The r e su l t s   o f   t e s t s   i n   l oose   s ands   have   been   exc luded  from t h e  

f u r t h e r   a n a l y s i s ,   s i n c e   t h e  heavy  model is  a f f e c t e d  by the  dense  layer   under  

the   l oose   s and .  

3 . 6 . 2   V a l i d i t y   o f  Model Design 

The v a l i d i t y   o f  model des ign  i s  proved i f  a l l  t h e   p e r t i n e n t   v a r i a b l e s  

of a prototype  and i t s  model s a t i s f y   t h e   r e l a t i o n   d e v e l o p e d   i n   s e c t i o n  2..5.1. 

Among t h e   v a r i a b l e s ,   t h e   a n g l e   o f   i n t e r n a l   f r i c t i o n   o f  a s o i l ,  @, the  mass 

d e n s i t y  of  a s o i l ,  p ,  t h e   d e g r e e   o f   s a t u r a t i o n   o f  a s o i l ,  S,  and the  apex 

ang le  o f  a cone, 8, s a t i s f y   a u t o m a t i c a l l y   t h e   r e q u i r e d   r e l a t i o n s h i p   b e t w e e n  

a prototype  and i t s  model.  The mass of a pro to type   cone  and the  mass o f  a 

model  cone  have f ixed   va lues .  The r a t i o   o f   t h e s e  two masses   controls  a 

number o f   s c a l e   f a c t o r s .  The impac t   ve loc i ty ,   v ,  i s  t h e   o p e r a t i o n a l   v a r i a b l e  

o f   t h e   t e s t .  The maximum a c c e l e r a t i o n ,   a ,   t h e   p e n e t r a t i o n   d e p t h ,   d ,   a n d  

t h e   r i s e   t i m e ,  t ,  o f   t h e   i m p a c t   a r e   t h e   v a r i a b l e s   t h a t   p r e d i c t   t h e   p r o t o t y p e  

behavior  from  the  model t es t .  

Four v a r i a b l e s ,   v ,   a ,   d ,   a n d  t ,  were  considered i n  t h e   t e s t  

program. 

Impact   Veloci ty   vs .   Penetrat ion 

The s c a l e   f a c t o r   f o r   v e l o c i t y  i s  1 .20 .  The s c a l e   f a c t o r   f o r   t h e  

p e n e t r a t i o n  i s  1 .44 .   Pred ic t ion  by the  model i s  obtained  by  mult iplying  the 
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FIG. 3.20 MAX.  ACCELERATION VS. IMPACT VELOCITY 
DRY-DENSE COLORADO RIVER SAND 
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model v e l o c i t y  by 1.20  and  the model pene t r a t ion   by  1.44. The scale f a c t o r s  

f o r   t h e   p r o t o t y p e   v e l o c i t y   a n d   p e n e t r a t i o n  are uni ty .   Figures   3 .22  through 

3.25 show the   measu red   ve loc i ty   ve r sus   pene t r a t ion   o f   t he   p ro to type  compared 

wi th   t ha t   p red ic t ed   f rom i t s  model. 

C o n s i d e r i n g   t h e   e r r o r s   i n   t h e   o r i g i n a l   d a t a ,   t h e   p r e d i c t i o n  by a 

model a g r e e s   q u i t e  w e l l  w i th   t he   p ro to type   behav io r .  

Impact  Ve loc i ty   v s .  Maximum Accelera t ion  

The s c a l e   f a c t o r   f o r   t h e   v e l o c i t y  i s  1 .20 .   The   s ca l e   f ac to r   fo r   t he  

maximum a c c e l e r a t i o n  i s  1.00. When t h e  model v e l o c i t y  i s  m u l t i p l i e d  by 1.20, 

i t s  maximum acce le ra t ion   shou ld   co inc ide   w i th   t ha t   o f   t he   p ro to type .  The 

s c a l e   f a c t o r s   f o r   t h e   p r o t o t y p e   v e l o c i t y  and maximum a c c e l e r a t i o n   a r e   t a k e n  

as uni ty .   Figures   3 .26  through  3 .29 show the  measured  impact   veloci ty   versus  

maximum a c c e l e r a t i o n   o f  a p ro to type  compared  with  the  prediction  from i t s  

model.  The va lues  of maximum a c c e l e r a t i o n   a r e   t h e   c o r r e c t e d   v a l u e s .  The 

agreement  between  the  prototype and t h e   p r e d i c t i o n  by a model i s  good,  except 

for   the  saturated-dense  Ottawa  Sand tes t ,  F ig .   3 .27 .   In   the   sa tura ted-dense  

Ottawa  Sand,  the  disparity  between  the  model  and  the  prototype  increases 

g radua l ly   w i th   i nc reas ing   impac t   ve loc i ty .  

Impact  Veloc i ty   vs .   Rise  T i m e  of  Impact 

The s c a l e   f a c t o r   f o r   t h e  impact  v e l o c i t y  i s  1.20.  The s c a l e   f a c t o r  

f o r   t h e  r ise time of   impact  is  a l so   1 .20 .   Then ,   i f   bo th   the   impact   ve loc i ty  

and  the r ise  t ime   o f   t he  model are  mul t ip l ied   wi th   1 .20 ,   they   g ive   the  pre-  

d i c t i o n   o f  i t s  pro to type .  

Figures  3.30  through  3.33 show the  measured r ise time versus  impact  

v e l o c i t y   o f   t h e   p r o t o t y p e  compared  with  the  predict ion  by i t s  model.  Although 

t h e r e  i s  s c a t t e r i n g   o f   t h e   p l o t s ,   b o t h   t h e   p r o t o t y p e  and t h e   p r e d i c t i o n   o f  i t s  

model are  in   gene ra l   ag reemen t .  
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FIG. 3.25 PENETRATION  VS.  IMPACT  VELOCITY 
PROTOTYPE  AND  PREDICTION BY MODEL 
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FIG. 3.26 MAX.  ACCELERATION VS. IMPACT  VELOCITY 
PROTOTYPE  AND  PREDICTION BY MODEL 
DRY-DENSE  OTTAWA  SAND 
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FIG. 3.29 MAX. ACCELERATION VS.  IMPACT  VELOCITY 
PROTOTYPE AND PREDICTION  BY  MODEL 
SATURATED  -DENSE COLORADO RIVER SAND 
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FIG.3.30 RISE  TIME OF IMPACT VS. IMPACT VELOCITY 
PROTOTYPE AND  PREDICTION  BY MODEL 
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FIG.3.31 RISE TIME Of IMPACT VS. IMPACT VELOCITY 
PROTOTYPE AND PREDICTION BY MODEL 
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FIG.3.32 RISE TIME OF IMPACT VS. IMPACT VELOCITY 
PROTOTYPE  AND  PREDICTION BY MODEL 
DRY-DENSE  COLORADO  RIVER  SAND 
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Summary 

Comparisons were made be tween  the  t es t  r e s u l t s  of a pro to type   and   the  

p r e d i c t i o n  from i t s  model.  The  heavy  cone was regarded as a p ro to type  and 

t h e   l i g h t   c o n e  was regarded as i t s  model. 

The i d e n t i c a l   s o i l  and so i l   cond i t ions   were   u sed   fo r   bo th   t he   p ro to -  

type and t h e  model.  Analysis was c a r r i e d   o u t   f o r   f o u r   d i f f e r e n t   k i n d s   o f  

sand  beds,   namely,   the  dry-dense Ottawa Sand,   the  satarated-dense  Ottawa 

Sand,  the  dry-dense  Colorado  River Sand  and the   sa tura ted-dense   Colorado  

River  Sand. 

The tes t  v a r i a b l e s   i n c l u d e   t h e   p e n e t r a t i o n   d e p t h   o f  a cone,  d,  

maximum a c c e l e r a t i o n   o n  a cone,  a,   and  the r i se  time of   impact ,  t .  The 

i m p a c t   v e l o c i t y ,   v ,  was v a r i e d  as a n   o p e r a t i o n a l   v a r i a b l e   t o   o b t a i n   s e v e r a l  

s e t s   o f   d a t a .  The  agreement   between  the  var iables   of  a prototype  and  the 

p r e d i c t i o n s  from i t s  model was good. I t  can  be  concluded  that   the  model 

des ign  l a w  f o r   v e r t i c a l   i m p a c t   o f  a cone  on  dense  and  saturated  sands i s  

v a l i d .  

3 .7  PREDICTION OF FULL-SCALE MODEL BEHAVIOR 

A l l  t h e   s c a l e   f a c t o r s   w e r e   d e r i v e d  from t h e   r a t i o   o f   t h e  mass o f  

p ro to type   t o   t he  mass of  model.  The mass r a t i o   i n   t h i s  t es t  was 3.01. 

The conceived  prototype is  es t imated  t o  weigh  about  13,000  lbs. 

Assuming the   u se   o f   l i gh t   cone  ( 4 3 . 0  l b s )   t o   p r e d i c t   t h e   b e h a v i o r  

o f  a fu l l - sca l e   cone   we igh ing  13 ,000  l b s ,   t h e   p r e d i c t e d   v a r i a b l e s  are 

c a l c u l a t e d  from a t e s t ,  f o r   i n s t a n c e  by the  tes t  No. 91, as   fo l lows .  

Var i ab le   Sca le   Fac to r   L igh t  Cone F u l l - s c a l e  Cone 

Pene t r a t ion   dep th   o f  a model, d n = 6.70 12.0  i n .  80.5 i n .  

Mass o f  a model, m n3 = 302 43 .0  l b s  13,000 l b s  
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Variable  Scale  Factor  Light Cone Ful l - sca le  Cone 

Impact v e l o c i t y   o f  a model, v Jn = 2.58 21 .3   fps  55.0 fps  

Max. a c c e l e r a t i o n   o f  a model, a 1 18.8 g 18 .8  g 

Rise time of  impact, t Jn = 2.58 32.2 msec 83 .0  msec 
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CHAPTER I V  

TEST ON CLAYS 

4.1 GENERAL 

Poor15  has  conducted  on  clays a series o f   v e r t i c a l   i m p a c t  - tests o f  

p ro jec t i l e s   w i th   va r ious   geomet r i c   shapes .  The f e a s i b i l i t y   o f   m o d e l i n g   f o r  

i m p a c t i n g   p r o j e c t i l e s   o n   c l a y s  was t e s t e d  by  making  use o f  Poor’s  tes t  

resul ts .  

P o o r   h a s   t e s t e d   c i r c u l a r  p l a t e s ,  cones  and  spheres.  Each  type  of 

shape of  model has  two series of mode l s   t ha t   have   t he   l eng th   s ca l e   o f  2 and 

t h e  mass s c a l e   o f  8. The  models were d r o p p e d   f r e e   i n   t h e   v e r t i c a l   d i r e c t i o n  

t o   a t t a i n   a n   i m p a c t   v e l o c i t y  o f  up to   abou t  30 f p s .  

An o s c i l l o s c o p e  was used   t o   r eco rd   t he   acce le ra t ion  time h i s t o r y  

genera ted  by t h e  same k i n d   o f   a c c e l e r o m e t e r   a s   t h a t . u s e d   i n   t h e   s a n d  tes t .  

The checking of the   t e rmina l   ve loc i ty   wh ich  was c a l c u l a t e d  from the   acce le r -  

a t i o n   c u r v e s ,   a l s o  showed t h e   n e c e s s i t y  of  c o r r e c t i n g   t h e   a c c e l e r a t i o n  

record .  However, t he   uncor rec t ed   r eco rd  was used by  Poor  and i s  used i n   t h e  

a n a l y s i s   h e r e .  

4 .2  TEST DATA 

4 . 2 . 1   S o i l  

The test s i t e  w a s  i n   A u s t i n ,  Texas. The area w a s  gene ra l ly  composed 

o f   a n   a l l u v i a l   f l o o d   p l a i n  o f  the  Colorado  River .  The s o i l  was c l a s s i f i e d  

a s  a l e a n   c l a y  (CL) of low p l a s t i c i t y .  The s o i l  was f a i r l y  homogeneous  and 

i s o t r o p i c   t o   t h e   d e p t h   o f  7 o r  8 f t .  The t r i a x i a l   c o m p r e s s i o n   t e s t   i n d i c a t e d  

an   apparent   cohes ion   as  5.8 p s i  and   an   appa ren t   ang le   o f   i n t e rna l   f r i c t ion  of  

27 degrees .   The   l iqu id  l i m i t  (LL) o f   t he   c l ay  was about 30 percent   and  the 
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p l a s t i c  limit (PL) was about  20 percent .  The n a t u r a l   m o i s t u r e   c o n t e n t   o f   t h e  

c l a y  was kep t   cons t an t  a t  about  18 pe rcen t  by f lood ing   t he  test si te.  

4.2.2 Models 

The dimensions  and  weights  of a l l  t es t  models are shown i n   T a b l e  4.1. 

TABLE 4.1 

MODELS OF VARIOUS GEOMETRIC SHAPES 

I P l a t e  Cone ' Sphere 
Model Pro to type  Model P ro to type  Model Pro to type  

Diameter o r  
Radius , i n .  

Apex Angle,  deg 

Weight, l b  

S e r i e s  A 

S e r i e s  B 

10 20 10 20 

60  60 

8 .0  64.0 8.0 64.0 8.0 64.0 

16.0 128.0 16.0 128.0 16.0 128.0 

As was mentioned a t   t h e   b e g i n n i n g   o f   t h i s   c h a p t e r ,   t h e   s m a l l e r  model  and t h e  

l a r g e r  model ( p r o t o t y p e )   s a t i s f y   t h e   l e n g t h   s c a l e   o f  2 and  the mass s c a l e  of 8. 

4 . 3  MODEL LAW 

The m a x i m u m  a c c e l e r a t i o n   o f   t h e   p r o j e c t i l e   a n d   t h e   p e n e t r a t i o n  are 

expressed   by   the   fo l lowing  two equat ions .  

'I3 d ,  9, v a A,' !a A,' S a  0 ) (5.12) 

(5.13) 

R e f e r r i n g   t o   t h e   s e c t i o n   2 . 5 . 2 ,   t h e   d i s t o r t i o n   o f  model t a k e s   p l a c e  

d u e   t o   t h e   i n a b i l i t y   t o   s a t i s f y   t h e  model des ign   cond i t ion  of t h e  term -2. 

D e n o t i n g   t h e   p r e d i c t i o n   f a c t o r   o f   t h e   v a r i a b l e  - a 
g 

as 61 and t h e   p r e d i c t i o n  

C 

PV 
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f a c t o r   o f   t h e   v a r i a b l e  5 as 6 a ,  t h e   p r e d i c t i o n   e q u a t i o n s   f o r   t h e  maximum 

a c c e l e r a t i o n  and t h e   p e n e t r a t i o n   d e p t h   a r e   d e r i v e d .  

d 

9 
a 

and 

c 

The s c a l e   f a c t o r s  of  a l l   t h e   v a r i a b l e s   a r e  summarized  as  follows. 

Var i ab le s  

Cohesion  of a s o i l ,  c 

Wet mass d e n s i t y  o f  a s o i l ,  p 

Degree   o f   sa tura t ion   of  a s o i l ,  S 

C h a r a c t e r i s t i c   l e n g t h ,  k, and R, 

Penetrat ion  Depth,  d 

Mass of  a cone, m 

Impact   ve loc i ty  o f  a cone, v 

Maximum a c c e l e r a t i o n   d u r i n g   i m p a c t ,  a 

Sca le   Fac tors  

1 

1 

1 

n = 2.0 

6, * n = 2.0 62 

n3 = 8.0 

i n  = 1.41 

61 
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Var iab le s  

G r a v i t a t i o n a l   a c c e l e r a t i o n ,  g 

Rise time of   impact ,  t 

Sca le   Fac to r s  

1 

Jn = 1.41  

-~ 4.4 ~ -TEST RESULT AND ANALYSIS 

Figures  4.1,   4.2  and  4.3 show t h e  maximum a c c e l e r a t i o n   o f  a pro to type  

and i t s  model i n  terms o f   t h e   i m p a c t   v e l o c i t y .   F i g u r e s   4 . 4 ,  4.5 and  4.6 show 

t h e   i m p a c t   v e l o c i t y   v e r s u s   t h e   p e n e t r a t i o n   d e p t h   r e l a t i o n   o f  a prototype  and 

t h e   p r e d i c t i o n  by i t s  model.  The p r e d i c t i o n   o f   t h e  maximum a c c e l e r a t i o n  was 

obta ined  by mul t ip ly ing   t he  model i m p a c t   v e l o c i t y   w i t h  Jn = 1.41  and  the 

model maximum a c c e l e r a t i o n   w i t h   1 . 0 .  The p r e d i c t i o n   o f   t h e   p e n e t r a t i o n   d e p t h  

w a s  o b t a i n e d   a l s o  by m u l t i p l y i n g   t h e  model impac t   ve loc i ty   w i th  Jn = 1.41 

and  the  model  penetration  depth  with n = 2.0.  I f   t h e r e  i s  no e f f e c t   o f  

model d i s t o r t i o n  on t h e  - term  and  the 5 t e rm,   bo th   p red ic t ion   f ac to r s ,  

6 ,  and 6,, a r e   u n i t y .   I n   t h i s   c a s e   t h e   p l o t s   o f  a series A t es t  and  the 

s e r i e s  B t e s t  must  each  be a c o n t i n u o u s   c u r v i l i n e a r   r e l a t i o n s h i p .   I f   t h e r e  

i s  any   e f f ec t   o f  model d i s t o r t i o n ,   t h e r e  resu l t s  a n   o f f s e t   o f   p l o t s   o f  pre-  

a d 
g 

d i c t i o n   b y  a model  from the   cu rve   o f  i t s  pro to type .  

t h e   s c a r c e  number o f   obse rva t ions  made i t  d i f f i c u l t   t o  draw c e r t a i n   g e n e r a l  

r e l a t i o n s h i p s   o u t   o f   t h e  t es t  r e s u l t s .  

Another  problem i s  t h e   r a n g e   i n   i m p a c t   v e l o c i t i e s   o f   t e s t   f o r   t h e  

model  and the   p ro to type .  Both the  model  and t h e   p r o t o t y p e ,   t h a t  i s  the  

larger   model ,  were t e s t e d   i n   t h e  same impact   ve loc i ty   range   of  20 - 30 fps .  

I n   o r d e r   t o  see the   p red ic t ion   by   the   model ,  model   impact   ve loc i ty   has   to   be  

m u l t i p l i e d  by a sca1.e f a c t o r   o f   1 . 4 1 .  As a r e s u l t   t h e  model p r e d i c t s   t h e  
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FIG.4.1 MAX. ACCELERATION VS.. IMPACT VELOCITY 
PROTOTYPE  AND  PREDICTION BY MODEL 
CIRCULAR  PLATES ON CLAY 
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IMPACT VELOCITY, FPS X SCALE FACTOR 

FIG. 4.2 MAX.  ACCELERATION VS. IMPACf  VELOCITY 
PROTOTYPE  AND  PREDICTION  BY MODEL 
CONES ON CLAY 
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I I I 
~~ r 

SERIES A [ MODEL -a- 
PROTOTYPE "0- 

SERIES 8 { MODEL 
PROTOTYPE -+- --- I 

20 i 
30 40 

IMPACT VELOCITY, FPS X SCALE  FACTOR 

FIG.4.3 MAX.  ACCELERATION VS. IMPACT  VELOCITY 
PROTOTYPE  AND  PREDICTION BY MODEL 
SPHERES ON CLAY 
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1111 PACT 

0 

2 

VELOCITY. F PS X SCALE FACTOR 

30 40 

I I I I 

MOOEL 
PROTOTYPE -+ - --- 1 

FIG. 4.4 PENETRATION VS. IMPACT  VELOCITY 
PROTOTYPE AND PREDICTION BY MOOEL 
CIRCULAR  PLATES ON CLAY 
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IMPACT  VELOCITY,  FPS X SCALE FACm 

0 

a e 
s" 
Y 

X 
X 5 

10 

20 30 40 

PROTOTYPE 

PROTOTYPE "e - 

FIG.4.5 PENETRATION  VS.  IMPACT  VELOCITY 
PROTOTYPE AND PREDICTION BY MOD€L 
CONES ON CLAY 
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I 

IMPACT VELOCITY, FPS X SCALE FACTOR 

SERIES A{ 
M O E L  "- 
PROTOTYPE -o- 

SERIES B (  
MOOEL 
PROTOTYPE - -0" 

FIG. 4.6 PENETRATION VS.  IMPACT  VELOCITY 
PROTOTYPE  AND PREDICTION BY MODEL 
SPHERES ON CLAY 
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p r o t o t y p e   i n   t h e   i m p a c t   v e l o c i t y   r a n g e   o f  28 - 42 fps .  Then t h e  real  cor res -  

pondence i s  only  checked a t  the   p ro to type   impac t   ve loc i ty   o f  30 fps.   For  the 

rest  of   the  impact   veloci ty   range,   the   agreement   between  the  prototype  and 

t h e   p r e d i c t i o n  by t h e  model i s  only   checked   by   ex t rapola t ion .  

In   F igs .   4 .1   t h rough  4 . 6 ,  t h e   s o l i d   l i n e s   a n d   t h e   b r o k e n   l i n e s  were 

drawn i n t u i t i v e l y   j u s t   t o   i n d i c a t e   t h e   t e n d e n c i e s   b e t w e e n   t h e   p l o t t i n g s .  

These   p lo t t i ngs  may be   t oo   s ca t t e r ed   t o   d raw  any   conc lus ions   abou t  

t h e   f e a s i b i l i t y   o f   t h e  model des ign  law. However, t he   gene ra l   t endenc ie s  

obse rved   i n   t he   p lo t t i ngs   encourage   t he   f ru i t fu l   app l i ca t ion   o f   d imens iona l  

model des ign   method  to   the   ver t ica l   impact   o f   p ro jec t i les   wi th   var ious  geo- 

met r ic   shapes   on   c lays .  
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

5.1 PROCEDURE  OF ~ MODEL DESIGN BY SIMILITUDE 

5 . 1 . 1   P e r t i n e n t   V a r i a b l e s  

There are many v a r i a b l e s   i n v o l v e d   i n   t h e  phenomenon of  a p r o j e c t i l e -  

s o i l   i m p a c t .   I n  a s tudy   of   the   response   o f   impact ,  i t  i s  d e s i r a b l e   t o  

s e l e c t   o n l y   t h o s e   v a r i a b l e s   w h i c h  are b e l i e v e d   t o   h a v e   s i g n i f i c a n t   i n f l u e n c e  

on  the  response.  

The s e l e c t i o n s   o f   p e r t i n e n t   v a r i a b l e s   f o r   t h i s   s t u d y  were guided  by 

the   fo l lowing   assumpt ions  : 

a. 

b. 

C. 

d.  

p r o j e c t i l e  i s  a r i g i d  body, 

e l a s t i c   p r o p e r t i e s   o f  a s o i l  do not   inf luence  the  dynamic 

behavior  , 

s t a t i c   s t r e n g t h  is  expres sed   i n  terms o f   a n g l e   o f   i n t e r n a l  

f r i c t i o n ,  @, and  cohesion,  c,   and 

f a i l u r e  mechanism  of a s o i l  i s  ana logous   t o   t he   c l a s s i ca l  

f a i l u r e  mechanism  described  by  Prandtl .  

5.1.2  General   Procedures 

The p rocedures   u sed   i n   t h i s   s tudy   fo r  model des ign  by s i m i l i t u d e   c a n  

be  summarized as fo l lows:  

S tep  1 S e l e c t   t h e   p e r t i n e n t   v a r i a b l e s  

1. 

2. 

3 .  

4 .  

5. 

Cohesion  of a s o i l  (FL-”) , c 

A n g l e   o f   i n t e r n a l   f r i c t i o n   o f  a s o i l   ( d i m e n s i o n l e s s ) ,  9 

Wet mass d e n s i t y  of  a s o i l  (FL-4T2), p 

Degree of s a t u r a t i o n   o f  a s o i l   ( d i m e n s i o n l e s s )  , S 

Apex ang le   o f  a p r o j e c t i l e   ( d i m e n s i o n l e s s ) ,  8 
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. . -. . _. . . .. . . 

6 .  

7. 

8. 

9. 

10. 

11. 

12 .  

13. 

F i r s t   c h a r a c t e r i s t i c   l e n g t h   o f  a p r o j e c t i l e  (L) , a, 

Second c h a r a c t e r i s t i c   l e n g t h   o f  a p r o j e c t i l e  (L) ,  4 
Mass of a p r o j e c t i l e  (FL-lT’), m 

Pene t r a t ion   dep th   o f  a p r o j e c t i l e  (L) ,  d 

Impac t   ve loc i ty   o f  a p r o j e c t i l e  ( L T - ~ ) ,  v 

Maximum a c c e l e r a t i o n  on a p r o j e c t i l e  (LT’2), a 

G r a v i t a t i o n a l   a c c e l e r a t i o n  (LT-”) , g 

Rise time of  impact ( T ) ,  t 

S tep  2 Form dimensionless   products  by  means of  Buckingham n Theorem. 

There are s e v e r a l   c h o i c e s   a v a i l a b l e   f o r   c o m b i n a t i o n s   o f  terms. 

One combination  of TI terms i s  given as,  

ne = S ,  and- nlo = 8 

Upon formation  of  l-r terms, the  whole  system is  e x p r e s s e d   i n   t h e  most  general 

form by an   equat ion ,  

o r  

f (E2, (e, y 3  d, % v , v ’ ” g’ a A,’ A2 R,’ @, s, e ) = 0 (5.1)  

S tep  3 S e l e c t   t h e   n e c e s s a r y  Terms.  

The s o i l   c o n d i t i o n  and the  geometry of p r o j e c t i l e  may i n d i c a t e   t h a t  

c e r t a i n  IT terms have l i t t l e  s i g n i f i c a n c e  and may be   e l imina ted  from Eq 5.1. 
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Sand Neglect  nL = -2 . C 

PV 

Clay Neglect  ITs = 8 -  

- Cone Neglect  IT6 = - and n7 - - A .  d 
41 a1 

C i r c u l a r   P l a t e   N e g l e c t  T+ = !?z and ITlo = 0 
a1 

Define a, = r ad ius   o f  p la te .  

Rec tangular   P la te   Neglec t  TIlo = 8 . 

Define Rl = w i d t h   o f   p l a t e  

4, = l e n g t h   o f   p l a t e .  

Wedge Neglect  
IT7 - a, - A .  

Define 4 ,  = width  of  wedge. 

Sphere  Neglect A and ITlo = 8. l-5 = a, 

Define R, = r ad ius  o f  curva ture   o f   sphere .  

S tep  4 Derive   Sca le   Fac tors  o f  Pe r t inen t   Var i ab le s .  

The s c a l e   f a c t o r s   o f   p e r t i n e n t   v a r i a b l e s   a r e   d e r i v e d   f r o m   t h e  IT 

terms by us ing   t he   fo l lowing   cond i t ions :  

a. t he  same g r a v i t a t i o n a l   a c c e l e r a t i o n   ( o n   e a r t h )  

b. t h e  same s o i l .  

- Sand  For  example, t h e  scale f a c t o r s   f o r   t h e  test o f  a sphere   on  

a sand   a r e  as fo l lows .  
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1. 

2. 

3.  

4 .  

5. 

6. 

7. 

8. 

9 .  

10. 

P e r t i n e n t   V a r i a b l e s  

Angle of  i n t e r n a l   f r i c t i o n   o f  a sand,  @ 

Wet mass d e n s i t y   o f  a sand,  p 

Degree   o f   sa tura t ion  of  a sand ,  S 

Radius  of   curvature  of  a sphe re ,  A,  

Mass of a sphere ,  m 

Pene t r a t ion   dep th   o f  a sphe re ,  d 

Impac t   ve loc i ty   o f  a sphe re ,  v 

Max. acce lera t ion   on  a sphe re ,  a 

G r a v i t a t i o n a l   a c c e l e r a t i o n ,  g 

Rise time of  impact, t 

Sca le   Fac tor  

n 

3 n 

n 

J n  

1 

1 

J n  

where n = t h e   l e n g t h   s c a l e .  

Clay  The  condi t ion  of   the same  mass d e n s i t y  w i l l  f o r c e   d i s t o r t i o n  

of   the  term nl = - 2 .  I n   o r d e r   t o   c o r r e c t   t h e   e f f e c t   o f   t h e   d i s t o r t i o n ,  a 

p red ic t ion   f ac to r ,   wh ich   can   be   ob ta ined   expe r imen ta l ly ,   has   t o   be   u sed   fo r  

t h e   v a r i a b l e s   t h a t   p r e d i c f   t h e   p r o t o t y p e   b e h a v i o r .  

C 

PV 

The s c a l e   f a c t o r s   f o r  a t e s t  o f  a sphe re  on a c l a y   a r e  shown  below, 

P e r t i n e n t   V a r i a b l e s  

1. Cohesion  of a c l a y ,  c 

2. Wet mass d e n s i t y  o f  a c l a y ,  p 

3 .  Degree  of   saturat ion  of  a c l a y ,  S 

4.  Radius  of   curvature   of  a sphere ,  A, 

5. Mass o f  a sphere ,  m 

6. Pene t r a t ion   dep th   o f  a sphere ,  d 

7 .  Impac t   ve loc i ty   o f  a sphere ,  v 

Scale   Factor  

1 

1 

1 

n 

3 n 

6 1  n 

J n  
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P e r t i n e n t   V a r i a b l e s  

8. Max. a c c e l e r a t i o n   o n  a sphere ,  a 

9 .  G r a v i t a t i o n a l   a c c e l e r a t i o n ,  g 

10. Rise  time of   impact ,  t 

where n = l eng th  scale, 6,, 6a and &= are p r e d i c t i o n   f a c t o r s .  

Sca le   Fac tor  

62 

1 

63 J n  

S tep  5 Determine  the  Dimensions  of  Model. 

Once the  dimensions of  a pro to type  i s  given,   the   weight   and  the con- 

f i g u r a t i o n s   o f  i t s  model a r e   o b t a i n e d  by d iv id ing   the   p ro to type   d imens ions  

w i t h   t h e   a p p r o p r i a t e   s c a l e   f a c t o r s .  

S tep  6 P r e d i c t i o n  by  Model 

P red ic t ion   o f  model  behaviors,   such  as  the maximum a c c e l e r a t i o n ,  

pene t r a t ion   dep th  and r i s e  t ime  of   impact ,   are   obtained by mul t ip ly ing   t he  

model b e h a v i o r s   w i t h   t h e   a p p r o p r i a t e   s c a l e   f a c t o r s .  

5 .1 .3  Model Design 

P r o j e c t i l e  

There i s  l i t t l e  d i f f i c u l t y   i n   d e s i g n i n g  a r i g i d  model of  a p r o j e c t i l e  

s i n c e   t h e   r i g i d  model o n l y   h a s   t o   s a t i s f y   t h e   s p e c i f i e d  mass s c a l e   f a c t o r  and 

t h e   l e n g t h   s c a l e   f a c t o r   a t   t h e   c o n t a c t i n g   s u r f a c e .  

S o i l  

I f  i t  i s  a t t empted   t o  model t h e   p r o t o t y p e   s o i l   w i t h  a d i f f e r e n t  

material, i t  w i l l  b e   d i f f i c u l t   t o   f i n d  a model s o i l  which s a t i s f i e s   t h e   s c a l e  

f a c t o r s   f o r   s u c h   p r o p e r t i e s  as mass dens i ty ,   cohes ion ,   deg ree   o f   s a tu ra t ion  

a n d   a n g l e   o f   i n t e r n a l   f r i c t i o n .  

I f   t h e   i d e n t i c a l   s o i l  i s  used  for   both  the  prototype  and i t s  model, 

t h e   s c a l e   f a c t o r s  are a u t o m a t i c a l l y   s a t i s f i e d   f o r   t h e   d i m e n s i o n l e s s   s o i l  
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p r o p e r t i e s ,   s u c h  as the   deg ree  of s a t u r a t i o n  and   t he   ang le   o f   i n t e rna l  

f r i c t i o n .  

There i s  a d i s a d v a n t a g e   i n   t h e   u s e   o f   t h e   i d e n t i c a l   s o i l .   C l a y e y  

s o i l s   c a u s e   d i s t o r t i o n   o f   t h e  model  and  the tes t  r e s u l t s   r e q u i r e   c o r r e c t i o n s  

t o   g e t   t h e  t r u e  p r e d i c t i o n   o f   t h e   p r o t o t y p e .   T h e s e   c o r r e c t i o n s ,   o r   p r e d i c t i o n  

f ac to r s ,   c an   be   de t e rmined   expe r imen ta l ly .   S ince   t he   p red ic t ion   f ac to r  i s  a 

f u n c t i o n   o f   t h e   d i s t o r t i o n   f a c t o r  and a l l  of t h e   s o i l   p r o p e r t i e s ,   t h e   p r e -  

d i c t i o n   f a c t o r   h a s   t o   b e   d e t e r m i n e d   f o r   e a c h   p a r t i c u l a r   s o i l .   T h i s   d i s a d -  

vantage  i s  n o t   s u f f i c i e n t   t o   d i s c o u r a g e   u s e   o f   t h e  same s o i l   i n  model  and 

p ro to type  tes ts .  

5.2 VALIDITY OF MODEL DESIGN 

5.2 .1  Method o f   Check ing   t he   Va l id i ty  ~ o f  Model Design 

The v a l i d i t y   o f  model des ign  was t e s t e d  by  means of  comparing  the 

pro to type   behavior   and   the   p red ic t ion  by i t s  model. I f   t h e  model design  were 

r igh t ,   bo th   t he   p ro to type   behav io r  and t h e   p r e d i c t i o n  by i t s  model should 

agree .  

The judgment o f  agreement was done by i n s p e c t i n g   t h e   p l o t t i n g s  o f  

p e r t i n e n t   v a r i a b l e s .  For a more r i g o r o u s   c h e c k ,   a n   a n a l y t i c a l  method  such a s  

r e g r e s s i o n   a n a l y s i s ,  may b e   u s e d   t o   t e s t   i f   t h e r e  i s  s i g n i f i c a n t   d i f f e r e n c e  

be tween  the   behavior   o f   the   p ro to type   and   the   p red ic t ion  by i t s  model. 

For  the  purpose of  c h e c k i n g   t h e   v a l i d i t y   o f  model des ign ,  i t  i s  

d e s i r a b l e   t o  t e s t  t h e   f u l l - s c a l e   p r o t o t y p e .   I f  i t  i s  i m p r a c t i c a l   t o  tes t  a 

f u l l - s c a l e   p r o t o t y p e ,  a hypo the t i ca l   p ro to type   can  be used. The hypo the t i ca l  

p ro to type  is  ano the r   s ca l ed  model. The hypo the t i ca l   p ro to type   shou ld   be  as 

c l o s e   i n   s i z e   t o   t h e   f u l l - s c a l e   p r o t o t y p e   a s   p o s s i b l e .  

I n   t h i s   s t u d y   t h e   h y p o t h e t i c a l   p r o t o t y p e s ,   i n   t h e   s h a p e s   o f   c o n e ,  

c i r c u l a r   p l a t e  and  sphere,  weighed  from 64.0 t o   129 .5   l b s .  Assuming t h e  
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weight   o f  a f u l l - s c a l e   p r o t o t y p e  as 13 ,000   l b s ,   t hese   hypo the t i ca l   p ro to types  

were s c a l e d  down i n   w e i g h t   o r  mass by  factors   f rom  203  to   100.   This  i s  equiv- 

a l e n t   t o  a s c a l i n g  down i n   l e n g t h  by f a c t o r s  from 5.9 t o  4 . 6 .  I n  this  s tudy  

t h e  mass s c a l e   f a c t o r s   o f   m o d e l s  t o  t h e   h y p o t h e t i c a l   p r o t o t y p e s  were 3.0  and 

8.0, which  correspond  to   length scales of  1.44 and  2.0. A comparison  of   these 

s c a l e   f a c t o r s  w i l l  i n d i c a t e   t h a t   e v e n  a few drop tests o f  a f u l l - s c a l e   p r o t o -  

type  would  contr ibute  a g r e a t   d e a l   f o r   c h e c k i n g   t h e   v a l i d i t y   o f  model des ign  

procedures .  

The pe r t inen t   va r i ab le s   u sed   fo r   t he   compar i sons  are t h e   p e n e t r a t i o n  

depth,  maximum a c c e l e r a t i o n ,  rise time of   impact ,   and   impact   ve loc i ty   o f  

t h e   p r o j e c t i l e .   F o r   e a c h  se t  of   comparisons,   only  the  impact   veloci ty  was 

v a r i e d   t o  see t h e   r e s p o n s e   o f   p r o j e c t i l e .  A l l  t h e   s o i l   p r o p e r t i e s   a n d   t h e  

geometry  and  mass  of  projecti le were he ld   cons tan t .  

5 .2 .2  Sand 

I n  sand   t he   d i spa r i ty   be tween   t he   p lo t t i ngs   o f   p ro to type   and   t ha t   o f  

model b e f o r e   t h e   a p p l i c a t i o n  o f  s c a l e   f a c t o r s  i s  e v i d e n t   i n   F i g s .  3.10 through 

3 . 2 1 .   A f t e r   t h e   a p p l i c a t i o n   o f   s c a l e   f a c t o r s   t o   t h e  model v a r i a b l e s ,   t h e  

p l o t t i n g s   o f   b o t h   t h e   p r o t o t y p e  and t h e  model a r e   s e e n   i n   F i g s .  3 . 2 2  through 

3.33  to   center   around a common l i n e  and i t  can   be   sa id   tha t   the   agreement  i s  

good . 
From d e t a i l s   o f   t h e s e   p l o t t i n g s ,  i t  is  o b s e r v e d   t h a t   p l o t t i n g s  may be 

r ep resen ted  by s t r a i g h t   l i n e s .  The s c a t t e r i n g  o f  p l o t t i n g  is  small f o r   t h e  

p e n e t r a t i o n  and t h e  maximum a c c e l e r a t i o n .  The s c a t t e r i n g   i n   t h e   p l o t t i n g s   o f  

rise time of  impact a re  somewhat g r e a t e r .  

5.2.3  Clay 

Due t o   l a c k   o f   a d e q u a t e   d a t a ,  a c o n c l u s i v e   a n a l y s i s  was n o t   p o s s i b l e  
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of   drop tests i n   c l a y .  However, t he   u se fu lness   o f   mode l ing   by   s imi l i t ude   i n  

c l a y   s o i l s  may be   p roven   i n   fu tu re   expe r imen t s .  

5.3 PREDICTION EQUATION 

Once t h e   v a l i d i t y   o f   m o d e l i n g  i s  v e r i f i e d ,  a model  can  be  used  to 

p r e d i c t   p r o t o t y p e   b e h a v i o r   w i t h o u t   a i d   o f  a ma,thematical  model  or a form of 

func t ion   express ing   the  phenomenon.  The p red ic t ion   o f   p ro to type   behav io r  by 

i t s  model is  made i n  one-to-one  correspondence.  In  other  words,   the TI 

terms o f   t h e   p r o t o t y p e  and i t s  model are t h e  same i n   v a l u e .   T h e r e f o r e ,  a 

model has   to   be   des igned   for   each  se t  of   va lues   o f   p ro to type  terms and  the 

p r e d i c t i o n  by a model i s  r e s t r i c t e d   t o  a s i n g l e   s t a t e   o f   t h e   p r o t o t y p e .  

I n   o r d e r   t o   d e v e l o p  a more gene ra l   p red ic t ion   me thod ,   t he   e f f ec t s   o f  

terms or   combina t ions   o f  IT terms must  be known to   de te rmine   the   form  of  

Eq 5 .1 .   In   t he   p re sen t   s tudy ,   fo r   i n s t ance ,   t he   cone  tes t  on  sands i s  ex- 

pressed  by an   equat ion ,  

f ( ( t  d,  gd _gl -a @ >  S, 8 ) = 0 (5.2)  v2 ,  v , g’ 

The experiment was ca r r i ed   ou t   keep ing   cons t an t   t he  term r e l a t e d   t o   t h e  

apex  angle   of   cone,  8 .  The rJ t e r m s   r e l a t e d   t o   t h e   a n g l e   o f   i n t e r n a l   f r i c -  

t i o n   o f  soil, @, and t h e   d e g r e e   o f   s a t u r a t i o n  of s o i l ,  S,  were v a r i e d   i n  two 

s t a g e s .   I f   t h e  form o f  Eq 5.2 i s  determined,  a g e n e r a l i t y   o f   t h e   e q u a t i o n  

ex is t s  only   on   the   condi t ions   o f   cons tan t  0,  0 and S. I f  a number of  

tests a re   ca r r i ed   ou t   w i th   sys t ema t i ca l ly   p l anned   combina t ions   o f   va lues   o f  

a l l  t e r m s ,   t h e   g e n e r a l i t y   o f  Eq 5.2 i s  broadened. 

5 .4  EXPERIMENTAL TECHNIQUE 

5 .4 .1   So i l  
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Sand Bed 

I n   t h e s e  tests t h e r e  was a s i g n i f i c a n t   v a r i a t i o n   o f   d e n s i t y   i n   t h e  

sand  beds.   The  degree  of   densi ty   var ia t ion was t h e   g r e a t e s t   f o r   d r y - l o o s e  

sands.  Better c o n t r o l   o f   t h e  s t a t e  of   sands would b e   d e s i r a b l e   i n  any 

f u t u r e   t e s t i n g .  The p rocedure   fo r   p repa r ing   t he   s and   beds  must  remain 

p r a c t i c a l  and  should  not  be  time-consuming. 

5.4.2 Launching  Device 

The launching   device   used   in   th i s   exper iment   had   prev ious ly   been  

designed  and  used  for a p r o j e c t i l e - s o i l   i m p a c t   s t u d y  which  involved  wide 

ranges  of   launch  angle   and  impact   veloci ty .  The device   had   grea t   mobi l i ty  

and v e r s a t i l i t y .  

The dev ice   had   ce r t a in   cha rac t e r i s t i c s   wh ich   were   undes i r ab le   fo r  

t h e   v e r t i c a l   d r o p  tests i n   t h i s   s t u d y .  The d e f l e c t i o n   o f   t h e   t r a c k   a n d   t h e  

bouncing  of  the  whole  system  gave a d i s t u r b i n g   e f f e c t  on the  test cond i t ions .  

The  mechanism o f   j aws   t ha t   ho ld   t he  model f a i l e d   t o   p r o v i d e  a smooth r e l e a s e  

and th i s   caused  a s l i g h t   r o t a t i o n a l  movement o f   t he  model. 

For t e s t s   i n v o l v i n g   o n l y   v e r t i c a l   d r o p s  a s impler ' and  more s t a b l e  

launching  device  could  be  used. 

5 . 4 . 3  Ins t rumen ta t ion  

Accelerometer 

The acce lerometer   record  i s  e s s e n t i a l   f o r   t h e   t e s t ,  and y e t   t h e  

a c c e l e r a t i o n   r e c o r d   i n v o l v e d   a n   i r r e g u l a r   d e v i a t i o n .   A d d i t i o n a l  work i s  

r e q u i r e d   t o   d e t e r m i n e   t h e   r e a s o n   f o r   t h e   d e v i a t i o n   i n   t h e   a c c e l e r o m e t e r  

record .  
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Veloc i ty   De tec to r  

The v e l o c i t y   d e t e c t o r   i t s e l f   f u n c t i o n e d   p e r f e c t l y .  Only the  bouncing 

o f   t he   l aunch ing   dev ice   on   wh ich   t he   ve loc i ty   de t ec to r   p i ckup  was mounted 

d is turbed   the   ve loc i ty   measurements .  
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No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 
15  
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Model Nominal 
Type 

L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

Veloci ty  
fPS 

10 
10 
14 
l h  
15 
15 
15  
19 
19 
23 
23 

30 

10 
10 
13 
14 
14 
14 
17 
1 7  
1 7  
19 
19 
19 
23 

39 

TABLE 1-A 

TEST  RESULTS IN DRY-LOOSE OTTAWA SAND 

Measured Pene- Max. 
Veloc i ty  t r a t i o n  Force 

f PS 

9.8 
9.9 

15.4 
14.0 
16.0 
15.8 
16.0 
18.0 
17.8 
21.5 
22.0 
26.4 
25.9 

9.8 
9.7 

13.2 
13.3 
13.1 
14.2 
14.7 
15.4 
16.1 
17.. 9 
16.8 
17.2 
21.3 

Inch 

10.0 
9.9 

12.8 
12.0 
11.6 
11.2 
12.5 
12.7 
12.0 
13.8 
13.9 
15.6 
14.2 

14.4 
14.5 
16.3 
13.0 
15.8 
19.4 
16.5 
15.8 
16.0 
16.4 
15.6 
15.6 
15.3 

k i p  

0.24 
0.22 
0 . 2 1  
0.29 
0.44 
0.38 
0.46 
0.46 
0.47 
0.49 
0.64 
0.70 
0.79 

0.63 
0.67 
0.98 
1.27 
1.45 
1.10 
1.29 
1 . 7 1  
1.54 
2.09 
2.17 
1.93 
2.36 

Max. 
Acc. 

g 

5.5 
5 . 1  
4.8 
6.7 

10.3 
8.9 

10.6 
10.7 
11.0 
11 .3  
14.9 
16.3 
18.3 

4.9 
5 .1  
7.5 
9.8 

11.3 
8 . 5  

10.0 
13.3 
11.9 
16.2 
17.8 
14.9 
18.2 

Wet Unit  Dry Unit 
W t .  of  

Soi  1 
P C  f 

93.2 
82.9 
94.4 
90.5 
96.9 
90.5 
92.7 
98.7 
91.7 
93.2 
89.4 
90.2 
81.3 

92.0 
88.8 
89.3 
89.3 
86.9 
92.4 
86.6 
86.0 
85.7 

90.1 
83.5 
91: 7 

88.7 

wt. o f  

P C  f 

S o i l  

91.8 
81.6 
93.2 
89.7 
94.1 
89.1 
91.2 
97.9 
89.9 
91.5 
88.0 
88.8 
79.6 

91.1 
87.8 
88.4 
88.4 
85 .5  
91.6 
85.6 
85.1 
84.9 
87.8 
89.2 
82.4 
90.9 

Water 
Content 

% 

1.65 
1.57 
1.37 
0.83 
2.95 
1.56 
1.65 
0.87 
2.01 
1.86 
1.64 
1.56 
2.14 

0.94 
1.01 
1 .03  
1.01 
1.60 
0.83 
1.09 
1.10 
1.00 
1.09 
1.05 
1.34 
0.83 

Correc t ion  
Rise Factor   €or  
T ime  Acc. and  Force 

m s  

50.7 
54.9 
22.2 
55.6 
44.0 
33.8 
46.5 
36.2 
40.3 
32.7 
48.7 
48.6 
45.2 

77 .8  
78.3 
69.1 
63.3 
69.1 
67.1 
76.4 
50.4 
61.5 
46.5 
50.0 
50.7 
51.3 

1.25 
1.18 
1.00 
1.35 
1.41 
1.54 
1.41 
1.70 
1.61 
1.28 
1.62 
1.33 
1.24 

1.23 
1.28 
1.17 
1.38 
1.34 
1.40 
1.46 
1.59 
1.49 
1.27 
1.20 
1.23 
1.33 



TABLE 1-A (CONT.) 

Wet Unit Dry Unit   Correction 
Model Nominal Measured  Pene- Max.  Max. W t .  of  W t .  of  Water Rise Fac tor   for  

No. Type Veloci ty   Veloci ty   t ra t ion  Force Acc. Soi l   Soi l   Content  Time Acc. and Force 
fPS fPS Inch  kip g P C f  P C f  % m s  

27 H 23 19.6 1 6 . 1  2.77 21.3 86.7 86.0 0.84 44.6 1.20 
28 H 23 21.3 16.0 2.41 18.6 89.3 88.3 1.10 55.6 1.25 
29 H 23  20.5 16.1 2.50 19.9 90.4 88.5 0.97 44.8 1.26 
30 H 30 22.8 18.9 2.85 22.0 93.1 92.0 1.13 44.4 1.14 
31 H 30 23.7 17.2 2.71 21.0 88.3 87.3 1.17 46.5 1.25 
32 H 30 23.8 16.7 3.52 2 7 . 1  86.2 85.3 1.05 42.0 1.17 

Weight of Model Type L 43.0 l b s  
Type H 129.5 lbs 



TEST  RESULTS 

TABLE 1-B 

I N  DRY-DENSE  OTTAWA  SAND 

No 

33 
34 
35 
36 
37  
38 
39 

41 
42 
43 
44 

45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

w 
rsJ 
0 40 

Model Nominal 
Type Ve loc i ty  

VPS 

L 10 
L 10 
L ’  14 
L 14 
L 15 
L 15  
L 19 
L 19 
L 23 
L 23 
L 30 
L 30 

H 10 
H 10 
H 14 
H 14 
H 14 
H 15 
H 15 
H 19 
H 19 
H 23 
H 23 
H 23 

Measured Pene- Max. 
Ve loc i ty  t r a t i o n  Force 

f PS  Inch 

9.9  4.8 
10.0  5.2 
14.0  5.1 
14.7  5.9 
16.7 5.6 
16.8  5.5 
18.0 5 .4  
18.9  5.6 
22.5  5.7 
22.4  6.3 
28.5  7.2 
26.8  7.4 

10.2  6.6 
10.2 7 . 1  
13.8 7 . 1  
13.9  7.6 
14.1  7.4 
15.8 8 .1  
15.8 7 . 7  
18.5  8 .3  
18.8 7 . 8  
20.7 8 .3  
21.2  8.6 
21.5  9.1 

k i p  

0.52 
0.47 
0.8f 
0.70 
1.00 
1.06 
0.99 
1.16 
1.59 
1.48 
1.76 
1.70 

1.34 
1.35 
1.75 
1.90 
1.87 
1.96 
2.06 
2.63 
2.68 
2.95 
3.20 
3.09 

Max. 
Acc. 

g 

1 2 . 1  
10.8 
19.0 
16.2 
23.2 
24.8 
23.1 
26.9 
36.9 
34.5 
40.9 
39.6 

10.4 
10.4 
13.5 
14.6 
14.5 
15.2 
15.9 
20.4 
20.7 
22.7 
24.6 
23.9 

Wet Unit  Dry Unit  
W t .  o f  

S o i l  
PC f 

105.2 
103.6 
104.7 
106.2 
101.8 
100.2 
104.7 
101.9 
107.5 
106.6 
106.8 
101.3 

101.6 
103.2 
102.4 
103.6 
105.9 
108.3 
102.6 
96.5 

103.8 
105.2 
103.9 
105.7 

W t .  of 
S o i l  
PC f 

103.8 
102.4 
103.9 
105.4 
100.4 
99.1 

103.3 
100.9 
105.1 
104.7 
105.0 
99.7 

100.7 
102.2 
101.5 
102.6 
105.0 
106.2 
101.9 
95.7 

103.3 
104.7 
103.4 
105.2 

Water 
Content 

% 

1.33 
1.14 
0.72 
0.81 
1.38 
1.07 
1 - 3 4  
0.95 
2.29 
1.79 
1.73 
1.63 

0.85 
1.00 
0.80 
1.00 
0.92 
1.99 
0.69 
0.77 
0.52 
0.52 
0.45 
0.47 

Rise 
Time 

ms 

25.4 
27.9 
22.4 
27.3 
23.2 
19.0 
25.7 
22.6 
15.9 
1 6 . 3  
16.9 
16.1 

32.9 
31.0 
29.2 
25.0 
33.6 
28.4 
27.4 
22.1 
27.2 
24.3 
21.6 
21.6 

C o r r e c t i o n  
F a c t o r   f o r  

Acc. and Force 

1.05 
1.04 
1.17 
1.19 
1.08 
1.15 
1.04 
1.23 
1.27 
1.25 
1 .15  
1.16 

1.10 
1.12 
1.23 
1.18 
1.24 
0.96 
1.05 
1.18 
1.19 
1.20 
1.23 
1.19 



I 

Model Nominal 
No. Type Veloc i ty  

57 
58 
59 
60 
61 
62 

0 63 
64 
65 
66 

67 
68 
69 
70 
7 1  
72 
73 
74 
75 
76 
7 7  
78 

P 
0 

fPS 

L 10 
L 10 
L 14 
L 14 
L 1 7  
L 1 7  
L 19 
L 19 
L 23 
L 23 

H 10 
H 10 
H 14 
H 14 
H 1 7  
H 17  
H 19 
H 19 
H 23 
H 23 
H 23 
H 23 

TABLE 1-C 

TEST  RESULTS I N  SATURATED-DENSE OTTAWA SAND 

Measured 
Ve loc i ty  

f P S  

9 . 7  
9 .1  

13.7 
13.8 
17 .1  
16.4 
19.4 
19.4 
22.3 
2 1 . 7  

10.1 
10.3 
14 .1  
13.9 
20.4 
16.8 
19.0 
18.8 
23.5 
24.2 
22.3 
23.3 

Pene- 
t r a t i o n  
Inch 

3.4 
3 . 3  

3.7 
4 .6  
3.9 
4.0 
4 .3  
4.6 
4.5 

5 .3  
5.0 
5.5 
5. b 
6.3 
5.6 
6.8 
6 .5  
6.7 
7.5 
7.3 
7.6 

Max. 
Force 

k i p  

0.98 
0.89 
0.92 
1.11 
1.52 
1.48 
1.78 
1.82 
2.02 
1.93 

1.87 
1.75 
2.38 
2.41 
3.78 
3.14 
3.32 
3.52 
4.37 
4.45 
4.06 
4.28 

Max. 
Acc. 

g 

22.8 
20.7 
25.5 
25.5 
35.4 
34.2 
41.4 
42.3 
47.0 
45.0 

14.4 
13.5 
18.4 
18.7 
29.0 
24.2 
25.7 
27.4 
33.8 
34.2 
31.4 
33.2 

Wet Unit  
W t .  o f  

S o i l  
P C  f 

138 
136 
140 
136 
135 
135 
134 
139 
135 
132 

141 
141 
142 
132 
135 
135 
135 
138 
133 
138 
136 
132 

Dry Unit 
W t .  o f  

S o i l  
P C  f 

115 
114 
116 
114 
112 
113 
112 
1 1 7  
113 
111 

119 
118 
118 
111 
114 
114 
114 
116 
112 
116 
114 
110 

Water 
Content 

% 

19.16 
19.88 
20.27 
18.99 
19.81 
19.25 
19.50 
18.65 
18.85 
18.70 

18.50 
19.31 
19.94 
19.71 
19.10 
19.24 
18.70 
19.71 
18.75 
19.07 
19.27 
20.01 

Rise 
Time 
ms 

47.5 
47.5 
23.0 
21.4 
21 .7  
20.1 
15.7 
18.7 
15.8 
15.8 

33.3 
30.8 
30.0 
30.8 
29.2 
27 .3  
27.3 
27.3 
23.6 
25.0 
25.0 
33.3 

Cor rec t ion  
F a c t o r   f o r  

Acc. and  Force 

1.00 
1.00 
1.11 
1.12 
1.04 
1 . 1 7  
1.02 
1.05 
1.13 
1.12 

1.02 
0.99 
0.89 
0.97 
1.25 
1.14 
1.06 
1.15 
1.14 
1.16 
1 . 1 7  
1.24 



TABLE 1 - D  

TEST  RESULTS I N  DRY-LOOSE COLORADO RIVER SAND 

Model Nominal  Measured  Pene- Max. 
No. Type Veloc i ty   Veloc i ty   t ra t ion   Force  

fPS fPS Inch   k ip  

79 L 
80 L 
8 1  L 
82  L 
83  L 
8 4  L 
8 5  L 
86 L 
87 L 

I& 88 L 
89  L 
90 L 
9 1  L 

c-r 
0 

92 H 
93 H 
94  H 
95 H 
96 H 
97 H 
98 H 
99 H 

100 H 
101 H 
102 H 
103 H 
104  H 

10 
10 
10 
14 
14 
14 
17 
17 
1 9  
1 9  
19  
23 
23  

10 
1 0  
14 
14 
17 
17 
19  
19  
19  
1 9  
23  
23 
23 

9.7 
9.6 
9 .8  

13 .5  
13 .6  
13 .6  
15.6 
1 6 . 4  
18.7 
17 .5  
18 .5  
21 .3  
21 .3  

1 0 . 1  
9 . 9  

14 .0  
12 .8  
15 .9  
16 .0  
1 8 . 4  
1 8 . 1  
18.8 
17 .8  
21.7 
2 1 . 4  
21 .9  

.8 .2  0 .29  
9 . 3  0 .37  

1 0 . 4  0 . 3 9  
1 0 . 2  0 .40  
10.0 0 . 3 5  
10 .2  0 .57  
10.0 0 .57  
1 0 . 8  0 .67  
1 0 . 9  0 .67  
11 .3  0 . 6 1  
11.4 0 . 7 4  
1 2 . 0  0 .70  

9 .7   0 .23  

12 .7  0 .76  
1 2 . 6  0 . 8 1  
1 3 . 4  1 .22  
13 .0  1 . 3 4  
1 3 . 3  1 . 7 5  
1 3 . 4  1 . 6 3  
13 .7  1 . 9 4  
1 3 . 3  1 .79  
14.1 2.22 
1 3 . 3  2 .01  
13 .2  2 .74  
1 3 . 4  2 .73  
14 .0  2.68 

Wet Unit  Dry Uni t   Correc t ion  
Max. W t .  of  W t .  o f  Water Rise F a c t o r   f o r  
Acc. S o i l  Soi l   Content  Time Acc. and Force 

g P C f  P C f  % m s  

6 . 7  95 .8  
8 .5  94 .3  
5 . 4  95.0 
9 .0  9 6 . 3  
9 . 2  9 4 . 4  
8 . 3  91 .7  

1 3 . 3  94 .5  
13 .2  9 5 . 1  
15.5 91.7 
15.7 94 .0  
14 .2  95 .9  
1 7 . 3  92 .2  
18 .8  9 7 . 1  

5 .9  
6 . 3  
9 . 4  

10 .3  
13 .5  
12 .6  
1 5 . 0  
13 .8  
1 7 . 3  
1 6 . 2  
2 1 . 1  
21 .1  
20.7 

97 .6  
9 9 . 2  
9 6 . 5  
95.7 
95 .3  
95 .9  
96 .1  
96.7 
95 .8  
9 9 . 1  
98 .6  

100.8 
104.2  

93 .9  1 .99  33 .6  
92 .5  1 . 9 1  50.7 
93 .2  1 .95  5 6 . 4  
94 .3  2 . 1 1  44 .0  
9 2 . 4  2.07 5 2 . 4  
8 9 . 3  2.70 64 .9  
92 .6  2 .10  32 .2  
9 3 . 4  1 .86  48 .3  
9 0 . 1  1 .80  40.0 
91 .5  2 .93  32 .0  
94 .0  2.00 36 .2  
90 .6  1.80 34 .9  
9 5 . 4  1 .78  32.2 

9 6 . 2  1.44 6 4 . 4  
98 .0  1 .31  64 .4  
9 5 . 1  1 .45  53 .7  
9 4 . 3  1.47 4 8 . 3  
94 .1  1 . 2 4  52 .4  
94 .6  1.41 5 2 . 4  
95 .0  1 . 2 4  48 .0  
95 .5  1 .28  40 .0  
94.7 1.23 43 .0  
97 .9  1 . 1 9  4 5 . 3  
9 7 . 4  1 .20  37 .5  
99 .6  1.17 46.2 

102.4   1 .77   41 .7  

0 .97  
1.11 
1.14 
1 . 0 3  
1 .31  
1 .30  
1.50 
1 .46  
1.47 
1.52 
1 .69  
1 .39  
1 .36  

1.00 
1.14 
1 . 3 4  
1.41 
1.44 
1.44 
1 .25  
1 .26  
1 . 4 5  
1 .46  
1 . 2 3  
1 .31  
1 . 2 1  



No. 

105 
10 6 
10 7 
108 
109 
110 
111 
112 
113 
114 
115 
116 
1 1 7  

118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 

Model Nominal 
Type 

L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

Velocity 
fPS 

10 
10 
14 
14 
14 
14 
1 7  
1 7  
1 7  
19 
19  
23 
23 

10 
10 
14 
14 
1 '7 
1 7  
1 9  
19  
19 
23 
23 
23 

Measured 
Veloci ty  

fPS 

10.3 
11.0 
12.8 
12.4 
13.9 
13.5 
17.6 
16.1 
16.4 
19.0 
18.8 
21.9 
21.9 

8.8 
9.8 

13.4 
13.7 
16.5 
16,7 
19.1 
18.3 
18.7 
21.0 
23.2 
22.6 

TABLE 1-E 

TEST  RESULTS I N  DRY-DENSE COLORADO RIVER SAND 

Pene- 
t r a t i o n  
Inch 

5.0 
4.9 
5.0 
5.2 
5.4 
5.2 
5.8 
5 .4  
5.5 
5.9 
5.9 
6.7 
6.7 

7 . 1  
7.2 
7.2 
7.6 
8 .4  
7 . 8  
8.9 
8 .4  
8 .4  

10.0 
8 . 9  
9.9 

Max. 
Force 
k i p  

0.64 
0.68 
0.74 
0.67 
0.93 
0.80 
1.15 
0.91 
0.90 
1.05 
1 . 1 2  
1.24 
1.41 

1.04 
1.20 
1.68 
1.96 
2.09 
2.72 
2.52 
2.48 
2.25 
3.35 
3.52 
3 . 7 7  

Max. 
Acc. 

g 

15.0 
15.7 
17.3 
15.8 
21.7 
18.6 
26.6 
2 1 . 1  
20.8 
24.4 
26.0 
28.8 
32.7 

8.0 
9.2 

13.0 
15.1 
16.2 
21.0 
19.5 
19.2 
17.3 
25.8 
27.2 
29.1 

Wet Unit 
W t .  of  

S o i l  
P C f  

104.5 
105.9 
104.3 
104.9 
105.6 
103.4 
100.9 
108.0 
106.7 
101.3 
105.1 
105.3 
104.1 

108.2 
109.6 
106.6 
106.9 
108.4 
109.0 
102.3 
106.5 
102.5 
111.3 
105.3 
104.3 

Dry Unit 
W t .  of  

S o i l  
P C f  

103.6 
104.9 
102.9 
103.6 
104.4 
102.5 
99.8 

106.8 
105.6 
99.1 

103.7 
103.8 
102.8 

106.7 
108.8 
105.0 
105.6 
106.9 
107.3 
100.3 
103.9 
99.6 

110.6 
102.6 
102.1 

Water Rise 
Content Time 

% 

0.90 
1.03 
1.32 
1.32 
1.14 
0.84 
1.02 
1.10 
0.99 
2.22 
1.34 
1.57 
1.31 

1.37 
1.19 
1.49 
1.28 
1.41 
1.60 
1.95 
2.57 
2.88 
0.65 
2.56 
2.16 

m s  

27.1 
22.9 
20.6 
27.4 
21.9 
22.4 
18.0 
21.9 
21.9 
24.7 
20.6 
18.5 
19.1 

36.1 
45.5 
27.6 
33.1 
25.0 
25.0 
28.0 
25.2 
25.2 
21.0 
25.0 
22.4 

Correct ion 
Factor   for  

Acc. and  Force 

1.14 
1.24 
1.45 
1.32 
1.28 
1.14 
1.57 
1.13 
1.20 
1.28 
1.23 
1.20 
1.29 

1.00 
1.16 
1.42 
1.35 

1.54 
1.17 
1.29 
1.00 
1.26 
1.31 
1.32 

1.31 . 



No. 

130 
131 
132 
133 
134 
135 
136 
137 
138 
139 

140 
141 
142 
143 
144 
145 
146 
147 
148 
149 

Model Nominal 
Type Veloci ty  

f P S  

L 10 
L 10 
L 14 
L 14 
L 17 
L 17 
L 19 
L 19 
L 23 
L 23 

H 10 
H 10 
H 14 
H 14 
H 1 7  
H 17 
H 19 
H 19 
H 23 
H 23 

TEST  RESULTS 

Measured 
Veloci ty  

f PS 

9 .7  
10.2 
14.1 
14.0 
16.5 
16.9 
19.3 
19.2 
23.9 
22.0 

10.2 
10.2 
13.6 
13.8 
16.4 
16.4 
18.6 
19.2 
22.2 
22.2 

Pene- 
t r a t i o n  
Inch 

3.9 
4.5 
4.3 
4.2 
4.4 
4.5 
4.5 
4 .6  

5.5 

6.7 
5.5 
5.5 
6 .1  
5 .6  
6 .1  
6.3 
6.6 
7.0 
7.0 

TABLE 1-F 

IN SATURATED-DENSE COLORADO RIVER SAND 

Max. 
Force 
k i p  

0.62 
0.70, 
1.01 
0.94 
1.13 
1.27 
1.53 
1.42 

1.74 

1.38 
1.57 
2.24 
2.44 
2.92 
2.83 
3.47 
3.53 
4.17 
4.19 

Max. 
Acc. 

g 

14.4 
16.2 
23.4 
21.9 
26.4 
29. b 
35.5 
33.0 

40.5 

10.7 
12.2 
17.3 
18.8 
22.5 
21.9 
26.8 
27.3 
32.2 
32.4 

Wet Unit  Dry Unit 
W t .  o f  

S o i l  
P C f  

129 
132 
136 
127 
18 7 
137 
128 
131 
129 
136 

128 
134 
126 
134 
129 
135 
121 
130 
123 
129 

wt. of 

P C f  

Soi  1 

111 
114 
118 
109 
118 
118 
110 
123 
112 
118 

110 
115 
108 
116 
112 
117 
105 
112 
10 6 
111 

Water 
Content 

70 

16.12 
15.87 
15.88 
16.24 
17.29 
16.32 
16.75 
16.37 
15.42 
15.01 

15.73 
16.35 
16.70 
15.36 
15.35 
15.57 
15.27 
16.26 
15.63 
16.44 

Rise 
Time 
ms 

34.3 
32.1 
25.7 
30.0 
25.9 
24.3 
21.4 
24.3 
23.6 
18.6 

41.4 
39.6 
33.3 
30.4 
29.0 
31.3 
25.0 
35.4 
23.6 
25.0 

Correc t ion  
Factor  €or 

Acc. and  Force 

1.06 
1.00 
1.00 
1.15 
1.13 
1.03 
1.08 
1 . 2 1  
1.30 
1.21 

1.00 
1.00 
1.08 
1.00 
1.54 
1.07 
1.14 
1.14 
1.17 
1.16 
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